Amended claim 14 substitutes the word ••methionine" for the term "initiation codon," for 
consistency with the above clarification. The word "methionine" in this context is understood by 
the skilled artisan to mean a methionine encoded by an initiation codon (i.e. an ATG codon) as 
described at paragraph 37 of the substitute specification (i.e page 1 1, lines 31-33, of the original 

specification) and recited in original claim 14. 

Claim 15 is amended to a dependent claim. Support for amended Claim 15 is to be found 

in original Claims 14 and 15. 

Claim 16 is amended to require at least three, rather than two, CTL epitopes. Support for 
amended claim 16 is to be found inter alia in the description at paragraph 10 of the substitute 
specification filed February 20, 2002 (i.e. at page 2, lines 33-34, of the specification as originally 
filed). 

Claim 17 is amended to require four, rather than three, CTL epitopes. Support for 
amended claim 17 is to be found inter alia in the description at paragraph 74 of the substitute 
specification filed February 20, 2002 (i.e. at page 22, lines 20-22, of the specification as 
originally filed). 

Claim 33 is amended to include the additional requirement that each CTL epitope of the 
polynucleotide of the claimed vaccine is substantially free of sequences found naturally to flank 
that CTL epitope. Support for this feature is to be found inter alia in the final clause of pending 
claim 14 and in the description at paragraph 5 of the substitute specification filed on 
February 20, 2002 (i.e. corresponding to the description at page 2, lines 1-9 of the original 
specification). 

Amended claim 33 also clarifies that it is the CTL epitopes encoded by the nucleic acid 
vaccine, rather than the nucleic acid per se, that are either contiguous or spaced apart by an 
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intervening sequence that does not comprise a methionine. Support for contiguous CTL epitopes 
is to be found inter alia in Figure 1 and Figure 5 of the application as originally filed. Support 
for the use of intervening sequences is to be found inter alia in Figure 5 of the application as 
originally filed, wherein a spacer sequence TS is positioned between the epitopes YPHFMPTNL 
and SGPSNTPPEI. 

Amended claim 33 substitutes the word "methionine" for the term "initiation codon," for 
consistency with the above clarification. The word "methionine" in this context is understood by 
the skilled artisan to mean a methionine encoded by an initiation codon (i.e. an ATG codon) as 
described at paragraph 37 of the substitute specification (i.e page 11, lines 31-33, of the original 
specification) and recited in original claim 14. 

Claim 34 is amended to a dependent claim. Support for amended Claim 34 is to be found 

in original Claims 33 and 34. 

Accordingly, no new matter has been added by the present amendments. Applicants 

respectfully request the Examiner to enter the amendment. 

B. Status of the Claims 

Claims 14-34 were pending at the time of the Action. Claims 14-17, 33 and 34 have been 
amended. A copy of the amended claims with editing indicia is attached as exhibit B. A clean 
copy of the presently pending claims is attached as Appendix C. 

Applicants also note that at paragraph 2 of the Office Action mailed on May 21, 2002, the 
Examiner points out that the amendment filed February 20, 2002, indicated the introduction of 
new claim 35, however, no such claim was included in the amendment. In response to this 
objection, Applicants advise that there is no intention at present to introduce claim 35 to the 
application. Applicants respectfully request the Examiner to disregard references to Claim 35 in 
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the papers filed February 20, 2002. Applicants apologize for any inconvenience caused to the 
Examiner by the erroneous reference to Claim 35 in the papers filed. Therefore, no claim 35 is 
currently pending. 

C. Objection to the Drawings 

At paragraph 4 of the Office Action mailed on May 21, 2002, the Examiner indicates that 

the drawings filed May 22, 2000 stand not approved. 

In consideration of the matters raised in PTO 948, Notice of Draftperson's Patent 
Drawing Review, Applicants submit herewith substitute drawings sheets 1/29 through 29/29 
which the applicants submit meet formal requirements. Please substitute the drawings attached 
at Appendix D for the informal drawings presently on file. 

Reconsideration and withdrawal of the objection is respectfully requested in view of the 

substitute drawings. 

D. Objection to the Specification 

At paragraph 5 of the Office Action mailed May 21, 2002, the Examiner has objected to 
the disclosure on the basis that there is no SEQ ID NO: reference at page 19, line 6, lines 9-10 
and lines 14-15. 

In response to this objection, Applicants have amended the specification to recite 
appropriate SEQ ID NO: listings on page 19, line 6, lines 9-10, and lines 14-15 (i.e. paragraphs 
73 and 74). 

Reconsideration and withdrawal of the objection is respectfully requested in view of the 
amendment. 
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E Claims 14-34 are enabled ander 35 U.S.C. §112, First Paragraph 

A. paraphs 6 and 7 of the Office Action mailed on May 21, 2002, the Action has 
maintained the rejection of Claims 14-34 under 35 U.S.C. 1 12, firs, paragraph, on the basis that 
the specification, whi.e enabling for a recombinant vaccine CTL polyepitope-based composition 
comprising a polynucleotide encoding CTL epitopes as depicted in Figure 5 derived from 
pathogens MCMV, influenza, EBV, Adenovirus, and EG7 tumor for use as vaccines, does no, 
reasonably provide enablement for vaccine compositions and their use in vacation against any 
HIV. 

,n maintaining this rejection, the Action states mat the only disclosed use of the claimed 
polynucleotides in claims 14 to 32 is for a vaccine which by definition is for the prevention of a 
particular disease. Accordingly, the Action considers that the rejection is equally applicable ,0 
claims 14-32 directed to polynucleotides and to claims 33 and 34 directed to nucleic acid 

vaccines. 

Applicants respectfully traverse this rejection and submit herewith an executed 
Dedaration by the inventor SUHRBIER and Exhibits AS! through AS16 for consideration 
(Appendix E). In particular, Dr Suhrbier attests to the fact tha, while useful for producing a 
vaccine composition, the claimed polynucleotide has additional uses, such as, for example, the 
generation and monitoring of CTL responses ^ paragraphs ,3-17 of tire Suhrbier Declaration,. 
We particularly direct tire Examiner's attention to the fact that, as noted at paragraph 15 of the 
Suhrbier Declaration, several U.S. patents have been granted for isolated fflV-, CTL epitope 
peptides on applications filed before the priority date of the instant application (i.e. U.S. Patent 

. * u 1 *„) ■ tt 9 Patent No 5 932,218 to Berzofsky et al\ and U.S. Patent 
No 5,700,635 to McMichael et al; U.b. Fatenx ino 

No 6,294,322 to Berzofsky et al). 



25233446.1 



9 



"U.S. patents are considered pertinent evidence of what is likely to be known by persons 
of ordinary skill in the art." In re Hearth, 654 F.2d 103, 107 (CCPA 1981). Accordingly, it 
was known by those skilled in the relevant art before the priority date of the instant application 
that CTL epitope peptides have utilities extending beyond vaccine preparations, including assays 
for CTLs and enhancing CTL responses. 

At paragraphs 18 through 22 of the Suhrbier Declaration, Dr Suhrbier also directs 
attention to the fact that the Action erred in stating that the only in vivo working example 
provided in the specification is of the polyepitope provided in example 2. In fact, Example 1 of 
the specification as originally filed also provides support for a polyepitope construct using 
human epitopes. 

With respect, it is incorrect to assume that the only disclosed utility for the subject 
polynucleotide constructs is as a vaccine because, the specification clearly discloses other uses, 
such as CTL assays and the enhancement of CTL responses. Applicant also directs the 
Examiner's attention to the description at page 9, line 3 to page 10, line 6 of the substitute 
specification filed February 20, 2002, which clearly teaches the use of human polyepitope- 
encoding construct to produce CTL clones capable of killing human HLA-matched target cells, 
and to stimulate in vitro secondary CTL responses from peripheral blood mononuclear cells 
(PBMC), and to recall epitope-specific CTL responses. Moreover, the description at page 13 
(i.e. paragraph 50) discusses use of the mouse polyepitope construct to induce primary CTL 
responses in mice. Proceeding on this basis, Applicants again request the Examiner to reconsider 
and withdraw this rejection of Claims 14-32. 

At paragraphs 23 through 29 of the Suhrbier Declaration, Dr Suhrbier notes that even at 
the priority date of the instant application, several CTL epitopes had been isolated from a range 
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of different antigens, and methods were well-established for determining the structure and 
function of any CTL epitope. Accordingly, it was routine at that date to provide functional CTL 
epitopes for inclusion in a polyepitope produced in accordance with the present invention. With 
respect, given the numerous examples of individual CTL epitopes in the literature at that time, a 
skilled molecular biologist would readily produce any number of polyepitope-encoding 
constructs as presently claimed without undue experimentation. The invention resides in the 
presentation of a chimeric gene encoding a plurality of CTL epitopes as a single fusion 
polypeptide and not in the structure of any particular CTL epitope. 

Applicants respectfully submit that given the working examples of such polyepitope- 
encoding constructs provided in the specification and the routine nature of identifying CTL 
epitopes at the priority date, the specification clearly enables a skilled person to produce any 
polyepitope-encoding construct independent of the structure of any CTL epitope. In support of 
this conclusion, Applicants further direct the Examiner's attention to paragraph 33 of the 
Suhrbier Declaration exemplifying several polyepitope-encoding constructs produced according 
to the teaching provided in the specification. 

With regard to the rejection of Claims 33 and 34, Applicants also direct the Examiner's 
attention to the paragraphs 34 to 37 of the Suhrbier Declaration. In particular, Dr Suhrbier points 
out at paragraph 35 that example 2 of the instant specification demonstrated CTL responses to a 
wide range of different pathogens, indicating that the pathogeny se was not a limiting factor in 
producing a protective immune response. 

Moreover, data on protection are not the only means of assessing the efficacy of a 
vaccine. For human HLA A2-restricted CTL epitopes, mouse models (i.e. HHD or HLA A2/K b 
transgenic mice) can be used to determine protection. For other human CTL epitopes, it is well 
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known to determine CD8+ T-cell induction by the polyepitope, or cross-recognition with CD8+ 
T-cells from infected patients, as an indicator of vaccine efficacy, as stated in the Suhrbier 
Declaration. Thus, data on protection obtained from clinical trials are not essential as suggested 
by the Action. Applicants respectfully point out that example 1 of the specification teaches 
cross-recognition of each epitope of the expressed polyepitope with CD8+ T-cells from EBV- 
infected patients, suggesting efficacy of the subject construct as a nucleic acid vaccine. 

Applicants respectfully submit that no undue experimentation would be required to 
practice the invention as claimed in claims 14-32 in any event, but most certainly in light of the 
proper content and meaning of the claims as perceived by those of skill in the relevant art. See 
the declaration of Dr. Suhrbier paragraphs 15-41 and the declaration of Mr. Cox attached as 
Appendix F at paragraph 41. Specifically, Applicants respectfully submit that the citation to 
Ramsay et al (1992-1994) was not current with the state of immunological research into HIV 
protect as of 1997 and is certainly not applicable to the successes achieved as provided by the 
declaration of Dr. Suhrbier. Specifically, see the declaration of Dr. Suhrbier at paragraphs 33-36 
which sets out numerous references to the successes of polytope constructs within the scope of 
the present invention. 

See, especially, paragraph 36 of the declaration of Dr. Suhrbier, which relates that 
"Gardner et al teach a polyepitope construct encoding multiple tandem HIV HLA A2-restricted 
CTL epitopes (Table 1), its delivery by modified vaccinia virus Ankara (MVA), and the testing 
of same in HLA A2 transgenic mice prior to human clinical trials (p. 296 "Polytope vaccines 
against HIV/AIDS"). Gardner et al state at page 296, lines 1-5, that the "polytope approach 
has now been S b™n to work for * ™™tv of epitopes, diseases and vectors including HIV 
and Modified Vaccinia Ankara (MVA) (Hanke et al, 1998), malaria and Ty particles (Gilbert et 
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al., 1997), different viruses and vaccinia (An and Whitton, 1997), influenza and lipopeptides 
(Sauzet et al, 1995) and tumors and recombinant adenovirus (Toes et al, 1996)." Emphasis 
added. 

These successes are in complete accord with the expectations of the artisan in light of the 
knowledge of the immunological arts: "Given the plethora of known CTL epitopes from HIV at 
the filing date of The Present Application, and from the teaching provided that individual CTL 
epitopes are correctly processed and presented from the claimed polyepitope formulation, I 
conclude that it would be a routine matter to substitute the exemplified CTL epitopes provided 
by the inventors with other CTL epitopes, specifically known HIV-1 CTL epitopes. 
Accordingly, the specification as originally filed reasonably conveys that the inventors were in 
possession of polynucleotides encoding polyepitope polypeptides comprising CTL epitopes from 
a wide range of pathogens." Declaration of Mr. John Cooper Cox at paragraph 41 . 

In contrast to the statements of those of skill in the art, and the now documented success 
of the polytope constructs in producing the desired immune responses when used for that 
purpose, the Action points to no scientific reference or principle the sustain the position that 
when HIV epitopes are chosen to be incorporated into a polytope construct of the present 
invention such a construct could not successfully be so made and used. 

Applicants submit that the instant rejection for lack of enablement is improper. 
Reconsideration and withdrawal of the rejection is respectfully requested. 

F. Claims 14-34 satisfy the written description requirement of 35 U.S.C. § 112, first 
paragraph 

The Action rejects claims 14-34 under 35 U.S.C. § 112, first paragraph. The Action 
alleges that there is not adequate written description provided in the specification. In particular, 
the Action correctly notes that there are numerous CTL epitopes available for inclusion in a 
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polytope construct, both where the CTL epitopes are restricted by different or identical HLAs. 
However, the Action goes on to incorrectly conclude that the Applicants have provided an 
insufficient number of exemplary species to allow adequate description of the claimed genus of 
CTL epitopes. Applicants respectfully traverse. 

The Action argues that the diversity of available CTL epitopes precludes a successful 
written description but for an exhaustive listing of all possible epitopes, the nucleotide sequences 
that encode them, and all combinations thereof. Such an exhaustive listing of all possible CTL 
epitope sequences is not required to meet the legal standard of written description. That the range 
of possible CTL epitopes is wide does not preclude adequate description. See In re Angstadt, 
537 F.2d 498 at 502- 03, 190 USPQ 214, 218 (CCPA 1976) (Applicants "are not required to 
disclose every species encompassed by their claims even in an unpredictable art.") 

Patent law, as set forth by the Federal Circuit and the MPEP, requires only that "an 
invention is complete by disclosure of sufficiently detailed, relevant identifying characteristics... 
i.e., complete or partial structure, other physical and/or chemical properties, functional 
characteristics when coupled with a known or disclosed correlation between function and 
structure, or some combination of such characteristics." See Written Description Guidelines 66 
Fed. Reg. at 1106, given judicial notice in Enzo Biochem, Inc. v. Gen-Probe, Inc., 296 F.3d 

1316,1324 (Fed. Cir. 2002). 

CTL epitopes are recognized by one of skill in the art of immunology and its related 
fields, who would understand that the specification of particular epitopes does not limit the scope 
of the disclosed invention. See the declaration of John Cooper Cox at paragraphs 10-17. In 
particular, Applicants respectfully note that the identification of CTL epitope from any source 
was a matter of routine at the time of invention and that the artisan had available a number of 
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methods by which to so identify and obtain epitopes as contemplated by the present invention. 
See, for example, paragraph 13 of the declaration of John Cooper Cox, which begins "Before the 
filing date of The Present Application, I was also aware of several well-established methods for 
determining CTL epitopes from any source." Mr. Cox then lists a number of methods, well 
known to those of skill in the art, which allow the routine identification of CTL epitopes from 
any source. Paragraph 13, Cox declaration. 

Applicants respectfully submit that the identification of CTL epitopes as of the time of 
filing was a procedure in the immunological arts not unlike the generation of antibodies capable 
of binding a specific immunogen. In discussing the Written Description Guidelines, the PTO's 
controlling Court has noted that an "isolated antibody capable of binding to antigen X" is a claim 
that would satisfy the Written Description requirements of § 1 12 "notwithstanding the functional 
definition of the antibody, in light of the well defined structural characteristics for the five 
classes of antibody, the functional characteristics of antibody binding, and the fact that the 
antibody technology is well developed and mature." Enzo Biochem at 1324-25. Applicants 
respectfully note that the functional and structural characteristics of CTL epitopes are well 
known and, that as of the time of the present filing, the field was mature with respect to the 
identification of epitopes for use within the context of the polytope constructs claimed. 
Declaration of John Cooper Cox, paragraphs 9-15. 

Applicants respectfully submit that they have described more than a sufficient number of 
representatives of the genus of CTL epitopes within the context of the methods of the invention 
so as to demonstrate that they have fully set forth and possess the invention. 

In Enzo Biochem at 1327 the Court cited In re Smythe, 480 F.2d 1376, 1383, 178 USPQ 
279, 284-85 (CCPA 1973), which states that "We cannot agree with the broad proposition ... 
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that in every case where the description of the invention in the specification is narrower than that 
in the claim there has been a failure to fulfill the description requirement in § 112. Each case 
must be decided on its own facts. The question which must be answered is whether the 
application originally filed in the Patent Office clearly conveyed in any way to those skilled in 
the art, to whom it is addressed, the information that appellants invented the [claimed invention]" 
citing* reRuschig, 54 CCPA 1551, 379 F.2d 990, 154 USPQ 118 (1967). 

Here, Applicants respectfully submit that under the applicable legal standards, and in 
view of the factual knowledge of the artisan as exemplified in the declarations of John Cooper 
Cox and Dr. Suhrbier, Applicants have clearly conveyed to those of skill in the relevant art that 
Applicants have invented the claimed invention. 

The enclosed COX Declaration and Exhibits JCC1 through JCC17 (i.e. Appendix F 
affixed hereto) provide objective evidence that the specification as filed contains sufficient 
representative examples to demonstrate to a skilled person that the inventors actually invented 
what they now claim. 

For example, the Cox Declaration provides the following responses of one of skill in the 
art to the allegations of the Action: 

(i) THAT the constructs provided by the specification are generic for 
constructs comprising two or more CTL epitopes, and, given the large number of CTL 
epitopes available at the filing date, a skilled researcher in the field of vaccine delivery, 
bacteriology and virology, desirous of constructing a composition for use as a vaccine, 
would understand that the selection of appropriate epitopes for any particular vaccine 
application, and the incorporation of such epitopes into a polytope construct as provided 
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by the inventors, would be routine in view of the skill in the arts and the guidance 
provided by the specification; 

(ii) THAT the exact CTL epitopes incorporated into the constructs of the 
invention are not limiting because the invention concerns polytope constructs that contain 
two or more appropriate CTL epitopes lacking naturally occurring flanking sequences or 
methionine residues, wherein the encoded polytope protein is successfully processed to 
the individual component CTL epitopes which are expressed on the APC surface, induce 
CTL responses, and are recognized by pre-existing or induced CTL to cause killing of 
infected cells; 

(iii) THAT the skilled artisan would readily appreciate from the teachings of 
the specification that such polytope constructs could comprise any number of contiguous 
or spaced CTL epitopes that do not include naturally occurring flanking sequences or 
methionine residues; 

(iv) THAT the skilled artisan would find the manner of making the constructs 
of the present invention routine in view of the guidance provided in the specification, 
because the materials and the procedures for constructing the polyepitope constructs were 
readily available to the artisan at the time the application was filed; 

(v) THAT both examples 1 and 2 of the application as originally filed show 
that the novel human and mouse constructs do, in fact, work, i.e., that CTL epitopes 
joined as directed by the specification are effectively processed, presented, and effective 
in inducing CTL responses to each epitope encoded by the polypeptide construct; and 
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(vi) THAT the skilled artisan would also appreciate that the examples provided 
are not limiting, and that the type of polytope construct as claimed by the Inventors would 
work for any combination of CTL epitopes. 

With respect, based on the wealth of publicly available information at the time the 
application was filed and the representative number of working examples provided in the 
specification as filed, Applicants respectfully maintain that, in contrast to the Action's position, 
the specification as originally filed does adequately describe the present invention under the 
requirements of the first paragraph of 35 U.S.C. § 112. 

Review and withdrawal of the rejection is respectfully requested in view of the foregoing 

remarks. 

G. No new matter is introduced by claims 14-34 

At paragraph 9 of the Office Action mailed on May 21, 2002, the Action has maintained 
the rejection of Claims 14-34 under 35 U.S.C. § 112, first paragraph, as containing subject matter 
which was not described in the specification in such a way as to reasonably convey to one skilled 
in the art that the inventors, at the time the application was filed, had possession of the claimed 

invention. 

In particular, the Action states that the specification as originally filed requires the CTL 
epitopes to be "substantially free of peptide sequences naturally found to flank the CTL 
epitopes." In response to this rejection by the Action, Applicants have herein above amended 
claims 14 and 33 to recite the feature that "each CTL epitope is substantially free of peptide 
sequences naturally found to flank that CTL epitope." Applicants respectfully submit that the 
amendment to these claims overcomes this new matter rejection. 



25233446.1 



18 



The Action also maintains that the specification and claims as originally filed do not 
provide clear support for "at least two," "nine" and "ten" CTL epitopes. In response to this 
rejection, Applicants have amended Claims 16 and 17 to require "at least three" and "four" CTL 
epitopes, respectively. Support for the amended claims is to be found inter alia in the 
description at page 2, lines 33-34, and at page 22, lines 20-22, of the specification as originally 
filed. As for claims 18 and 19, Applicants maintain that examples 1 and 2 of the application as 
originally filed provide clear and adequate support for this number of CTL epitopes, as attested 
in the accompanying Cox Declaration. 

The Action also states that there is no support in the specification and claims as originally 
filed for the term 'Viral vector" in Claim 21, because the specification merely refers to vaccinia 
vectors, avipox virus vectors bacterial vectors, virus-like particles and rhabdovirus vectors. 
Applicants respectfully traverse this rejection by the Action on the basis that the disclosure at 
page 3, lines 13-26 of the specification as originally filed merely recites such vectors as 
examples of "various vectors, and cites the disclosures by Chatfield et al, Taylor et al. and 
Hodgson as providing additional information regarding suitable vectors. 

It is clear that the specification did not intend the list of vectors provided at page 3 of the 
specification to be exhaustive. See Appendix F, the Cox Declaration. Moreover, several other 
viral vectors, in addition to vaccinia vectors, avipox virus vectors, and rhabdovirus vectors, were 
well-known at the filing date to be useful for expressing recombinant proteins in mammalian 
cells, including their use as vaccine vectors. The enclosed Cox Declaration (Appendix F) 
supports the conclusion that the skilled artisan would have been aware at the filing date of a 
number of different viral vectors and that any known viral vector could be successfully used in 
the context of the present invention. Accordingly, a skilled artisan would, at that date, have 
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considered the specification to read on to such other viral vectors, the use of which to express a 
given protein would have been routine. Applicants, therefore, respectfully submit that, based 
upon what was then known and the disclosure of three examples of viral vectors in the 
specification as filed, the specification satisfies the written description requirement with respect 

to viral vectors generally. 

Reconsideration and withdrawal of the new matter rejections is respectfully requested in 
view of the foregoing amendment, remarks and the attached declarations. 

H. Claims 20-24 are definite under the second paragraph of 35 U.S.C. § 112 

At paragraphs 10 and 11 of the Office Action mailed on May 21, 2002, the Action has 
maintained the rejection of Claims 20-24 under 35 U.S.C. § 112, second paragraph, as being 
indefinite for failing to particularly point out and distinctly claim the subject matter which the 
Applicants regard as the invention. 

In particular, the Action states that the phrase "virus-like particle," as recited in claims 21 
and 24, is ambiguous because it is not clear whether it means viral particles or DNA plasmid 
from virus, rather than vaccinia virus particles engineered to express the T cell epitopes. 

Applicants respectfully note that with respect to rejected claims 20, 22 and 23, these 
claims do not recite "virus-like particle." Thus, there appears to be no extant grounds for 
rejection of claims 20, 22 and 23 in the instant case. Applicants, therefore, respectfully request 

that their rejection be withdrawn. 

Moreover, with respect to claims 21 and 24, Applicants respectfully note that the phrase 
"virus-like particle" ("VLP") is sufficiently defined by the specification in light of the 
knowledge of the relevant artisan. See the declaration of John Cooper Cox at paragraphs 48-51, 
which clearly indicate that one of skill in the art finds the phrase clear and definite. 
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Furthermore, it is well known that the term "VLP" refers to a non-replicative particle 
having one or more of the capsid proteins of a virus that are generally reconstituted in vitro, in 
the presence of heterologous RNA or DNA such that this nucleic acid is packaged therein. For 
example, virus-like particles have been synthesized for viruses of various families using a 
baculovirus-insect cell expression system. VLPs are known to serve as vehicles for the transfer 
of genetic material to a host cell (e.g. U.S. Patent No. 6,420,160). 

With respect, it is apparent to the skilled artisan that VLP is not limited to a vaccinia 
virus particle engineered to express a polyepitope of the invention, as suggested by the Action. 
Clearly, any suitable VLP expression system could readily be employed in this manner at the 
filing date of the present application. 

It is also apparent that a skilled artisan would not interpret the term "VLP" to mean an 
infectious and replicative viral particle (i.e. native virus) or isolated DNA from a virus, as 
suggested by the Action. This is because a VLP is always considered an entity that is distinct 
from the native virion. 

With respect, in view of the numerous prior art disclosures of VLPs and their use in 
nucleic acid-based vaccines {e.g. U.S. Patent No. 6,420,160), the metes and bounds of claims 20- 
24 are clear. 

Reconsideration and withdrawal of the rejection is respectfully requested in view of the 
foregoing remarks. 

I. Claim 15 is novel under 35 U.S.C. § 102(b) over Whitton et al. 

The Action rejects claims 14-16, 20-22, 25, 33 and 34 as anticipated by Whitton al. 
(1993). Applicants respectfully traverse. Specifically, the Action states that Claim 15 recites a 
polynucleotide comprising a nucleic acid sequence encoding a plurality of CTL epitopes wherein 
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the sequence encoding the epitopes are contiguous, and that Whitton - a,, teach a single 
polynucleotide comprising two CTL epitopes. 

m response to this rejection, Applicants have herein above amended claim 15 to a 
dependent claim on Claim 14. Applicants have also amended claim 1 5 to recite tha, the epitopes, 
no, the nucleic acid sequences, are contiguous. Applicants respectfully submit that the 
amendment renders this rejection moot. Reconsideration and withdrawal of the rejection is 
respectfully requested in view of the foregoing amendment to claim 15. 

J. Claims 14-16, 20-22, 25, 27, 33 and 34 are novel under 35 U.S.C. § 102(b) over 

Lawson et al 

At paragraph 14 of the Office Action mailed May 21, 2002, the Action rejects claims 14- 
16, 20-22, 25, 27, 33 and 34 as anticipated by Lawson m al. (1993). Applicants respectfully 
traverse. SpecificaUy, the Action contends that Lawson * al. teaches a recombinant vaccinia 
expressing a full length HA polypeptide that inherently contains more than one CTL epitope. 

Without conceding the correctness of the Action's position, Applicants have herein above 
amended claims 14 and 33 to recite that "each CTL epitope is substantially free of peptide 
sequences naturally found to flank that CTL epitope." Applicants respecttully submit tha. the 
amendments render this rejection moot. Reconsideration and withdrawal of the rejection is 
respectfully requested in view of the foregoing amendment to claims 14 and 33. 

K. Claims 14 and 17-21 and 23-32 are patentable under 35 U.S.C. § 103(a) over the 

cited references. 

At paragraphs 15 though 26 of the Office Action mailed May 21, 2002, the Action 
rejects Claims 14, 17-21, and 23-32 as being unpatentable over Lawson et al.. J. Virol. 68. 3505- 
25! 1, 1994, in view of Whitton e, al.. J. Virol 67, 348-352, 1993, and in further view of 
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Berzofsky C al. or as being unpatentable over Lawson et al. in view o/Latron « al or Burrows e, 
al or Del Val etal or Panicali et al or Adams a al or Cells et al or Widman et al. 

Applicants respectfully traverse tbese rejections in respect of the amended claims, on the 
basis that none of the citations mention or suggest polynucleotides encoding a plurality of CTL 
epitopes wherein each epitope is substantially free of sequences naturally found to flank the CTL 
epitopes. Reconsideration and withdrawal of the rejections is respectfully requested in view of 
the foregoing amendment to claims 14 and 33. 

L. Obviousness type double patenting 

Applicants acknowledge the provisional rejection based upon obviousness type double 
patenting. Applicants will respond by submission of an appropriate terminal disclaimer upon the 
event that conflicting claims issue from the U.S. Application Se, No. 09/576,107 and the present 
application. 

M. Conclusion 

In view of the above, Applicants respectfully submit that the claims are in condition for 
allowance. Applicants respectfully and earnestly request notification to that effect. The 
Examiner is invited to contact the undersigned attorney at (512) 536-3043 with any questions, 
comments or suggestions relating to the referenced patent application. 
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FULBRIGHT & JAWORSKI L.L.P. 
600 Congress Avenue, Suite 2400 
Austin, Texas 78701 
(512) 536-3043 
(512) 536-4598 (fax) 

Date: November 21, 2002 



Respectfully submitted, 

(fadnJ) ft- IC/toqaJL 

4>r Thomas M. Boyce 
Reg. No. 43,508 
Attorney for Applicants 
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73. To test this possibility mice (Balb/c) were infected with 10 4 pfu of Murine 
cytomegalovirus (MCMV) (K181 strain - Scalzo et al. 1995) and left for 5 weeks at which point 
strong CTL responses specific for the MCMV epitope, YPHFMPTNL (SF,C ID NO: 21) , had 
developed (Scalzo et al. 1995 - Fig 2A). These mice were then given the murine polytope 
vaccinia and spleen cells assayed 10 days later for CTL specific for the three other epitopes 
presented by the polytope in this strain of mouse (RPQASGVYM ( SFO ID NO: 12) , 
Lymphocytic choriomeningitis virus nuclear protein, H-2L d ; TYQRTRALV (SEQIDNQLm 
influenza nuclear protein, H-2K d and SYIPSAEKI (SF,0 TD NO: 18) , P. Berghei 
circumsporozoite protein, H-2K d ). 
Results 

74. Responses to each of the three new epitopes was observed following polytope 
vaccination, illustrating that the YPHFMPTNL (SHQ ID NO: 21) specific CTL did not prevent 
priming of CTL specific for RPQASGVYM (SEP ID NO: 12), TYQRTRALV {SEOJDNO: 
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20), and SYIPSAEKI rSF.O TP NO: \S\ when all four epitopes are presented together in the 
polytope. (Control animals receiving the human polytope vaccinia instead of the murine 
polytope vaccinia, showed only YPHFMPTNL (SEP ID NO: 21) specific CTL). 
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14 (Amended) A polynucleotide comprising a nucleic acid sequence encoding a plurality of 
cytotoxic T lymphocyte (CTL) [CTL] epitopes [J wherein each CTL epitope is substantially free 
of peptide sequences naturally found to flank that CTL epitope and wherein at least two of [the 
sequences encoding said] the plurality of CTL epitopes are contiguous or spaced apart by an 
intervening sequence® that does not comprise a methionine [, wherein said intervening 
sequences do not (i) comprise an initiation codon or (ii) encode naturally occurring flankmg 
sequences of the epitopes]. 

15. (Amended) The [A] polynucleotide [comprising a nucleic acid sequence encoding a 
plurality of CTL epitopes,] of claim 14, wherein the [sequence encoding said] CTL epitopes are 
contiguous. 

16. (Amended) The polynucleotide of claim 14, wherein said polynucleotide encodes at least 
three [two] CTL epitopes. 
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17. (Amended) The polynucleotide of claim 14, wherein said polynucleotide encodes four 
[three] CTL epitopes. 

33. (Amended) A nucleic acid vaccine comprising a polynucleotide comprising: 

(i) a nucleic acid sequence encoding a plurality of cytotoxic T lymphocyte (CTL) 
[CTL] epitopes [,] wherein each CTL epitope is substantially free of peptide 
sequences naturally found to flank that CTL epitope and wherein at least two 
of [the sequences encoding said] the plurality of CTL epitopes are contiguous 
or spaced apart by an intervening sequences] that does not comprise a 
methionine [, wherein said intervening sequences do not (i) comprise an 
initiation codon or (ii) encode naturally occurring flanking sequences of the 
epitopes]; and 

(ii) an acceptable carrier. 

34. (Amended) The nucleic acid vaccine of claim 33 wherein the CTL epitopes are 
contiguous [A nucleic acid vaccine comprising a polynucleotide comprising a nucleic acid 
sequence encoding a plurality of CTL epitopes, wherein the sequences encoding said CTL 
epitopes are contiguous, and an acceptable earner]. 
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DECLARATION OF ANDREAS SUHRBIER 

I, Andreas Suhrbier, hereby declare as follows: 

1. I am a German citizen residing at 185 Mailmans Track, Bunya, Queensland 4055, 
Australia. 

2. I am an inventor in respect of the above-captioned application ("The Present 
Application"). 

3. I am currently employed as a Principal Research Fellow at the Queensland Institute of 
Medical Research (QIMR) located at 300 Herston Road, Herston, Queensland 4006, 
Australia. In my capacity as a Principal Research Fellow, I head the Molecular 
Vaccinology Laboratory at QIMR. I am concurrently employed as an Adjunct Associate 
Professor at Australian Center for International & Tropical Health and Nutrition and Dept 
Microbiology at the University of Queensland, Australia. 
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4. I have extensive experience in the fields of immunology, virology, and vaccine 
technology. References containing examples of my work are included in my Curriculum 
Vitae, a copy of which is affixed hereto as Exhibit AS1. 

5. I understand that The Present Application was filed on May 22, 2000 as a continuation 
application of USSN 08/776,337 filed April 21, 1997 which is a US national phase 
application of International application No. PCT/AU95/00461 filed on July 27, 1995. 
The International application claims priority from Australian Patent Application No. 
PN1009 filed February 8, 1995 and from Australian Patent Application No. PM7079 filed 
July 27, 1994. 

6. I consider myself to have been in possession of at least ordinary skill and knowledge in 
the arts relevant to this invention when the invention was made (i.e. before July 27, 1994) 
and at all times until The Present Application was filed on May 22, 2000. 

7. I have read and understood the specification and pending claims of The Present 
Application and an Office Action by the United States Patent and Trademark Office 
mailed on May 21, 2002 in connection with The Present Application. I have also read the 
revised claims of The Present Application which I understand the applicants have 
submitted in response to the May 21, 2002 Office Action. A copy of the revised claims is 
affixed hereto as Exhibit AS2. 

8. I make this declaration in response to the Examiner's rejection of pending Claims 14-34 
of The Present Application at paragraph 7 of the Office action mailed on May 21, 2002. 

9. I understand that the Examiner has rejected The Present Application on the ground that 
the only disclosed use of the claimed polynucleotide is as a vaccine, and the Examiner 
considers there to insufficient guidance and in vivo working examples provided in the 
specification as filed to demonstrate that a polynucleotide comprising any undisclosed 
CTL epitopes would be useful for preventing any undisclosed disease. The Examiner 
does state that the specification enables the production of a recombinant vaccine CTL 
polyepitope-based composition comprising a polynucleotide encoding CTL epitopes as 
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depicted in Figure 5 derived from pathogens MCMV, Influenza Virus, EBV, Adenovirus 
and EG7 tumor for use as vaccines. 

10. The Examiner also alleges in the May 21, 2002 Office Action that the specification fails 
to provide any enablement for vaccine compositions and their use in vaccination against 
any HIV. The Examiner considers that the specification as filed fails to provide guidance 
as to which polynucleotide encoding which CTL epitope from HTV can be used in a 
recombinant nucleic acid vaccine against HTV infection. The Examiner also states that 
the field of HIV research is unpredictable, because notwithstanding 10 years of extensive 
research into HTV, not a single efficacious vaccine against HIV has been produced. 
Accordingly, the Examiner considers that it would require an undue burden of 
experimentation to produce a polynucleotide encoding a polyepitope polypeptide 
comprising an HIV CTL epitope from the teaching provided in the specification. 

11. I strongly disagree with these allegations by the Examiner. My reasons for refuting the 
Examiner's position are detailed in the following paragraphs. 

12. The Present Application provides constructs encoding a plurality of CTL epitopes into a 
single fusion protein (i.e a "polyepitope" polypeptide). For expressing a fusion 
polypeptide, it is well known that there should not be a translation initiation codon (i.e. 
the codon ATG associated with a Kozac sequence) between sequences encoding each 
epitope, otherwise that codon might be used to initiate independent translation of each 
epitope. By omitting internal translation initiation sequences from the polyepitope 
polypeptide, we ensured that the plurality of CTL epitopes were expressed as a single 
polypeptide. In the context of the polynucleotide structure, this means that nucleic acid 
sequences encoding the CTL epitopes, and any intervening sequences if present, are 
presented as a single open reading frame, positioned between a single upstream promoter 
sequence and a single downstream transcription terminator sequence. Additionally, a 
single translation initiation codon and Kozac consensus sequence are placed at the 
commencement of the open reading frame for the plurality of CTL epitopes. These 
features are described, for example, at paragraph 45 of The Present Application. This 
"polyepitope" arrangement is distinct from the "minigene" arrangement as described by 
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Whitton et al, J. Virol. 67, 348-352, 1993 wherein both CTL epitopes coding sequences 
were preceded by translation initiation sequences. Moreover, our approach was new 
because, as stated at paragraph 3, lines 7-8, of The Present Application, the "influence of 
sequences flanking CTL epitopes on the proteolytic processing of these epitopes remains 
controversial". Thus, it was not known or suggested before the invention how to produce 
a single polypeptide vaccine comprising multiple CTL epitopes, where each epitope is 
individually immunogenic. 

13. First, since the Examiner appears to be treating all claims of The Present Application as 
vaccine claims, I would like to bring to the attention of the Examiner the fact that the 
claimed polynucleotide has additional utility to its use as a vaccine in the prevention of 
particular diseases. 

14. As a skilled immunologist, I was well aware in 1994 and at the filing date that a CTL 
epitope had utilities extending beyond its use as a vaccine. For example, the polyepitope- 
encoding constructs of the present invention are also useful in the study of cellular and 
immune responses, or for the in vitro stimulation of CTLs (e.g. for adoptive transfer), in 
addition to their utility as components of protective vaccines. Additionally, epitopes and 
the polyepitope constructs can be used in diagnostic applications. 

15. I also note the following U.S. patents filed before 1994 that describe CTL epitopes of 
HIV-1 and for which claims were allowed to uses other than vaccines. 

(i) U.S. Patent No 5,700,635 to McMichael et al. (Exhibit AS3) describes a CTL 
epitope from the HIV-1 gag protein and its use in the detection of HIV-1 gag- 
specific CTLs. The allowed claims are directed to peptides comprising the amino 
acid sequence of the CTL epitope, compositions comprising same and to methods 
for assaying for the presence of HIV-1 specific CTLs; 

(ii) U.S. Patent No 5,932,218 to Berzofsky et al. (Exhibit AS4) describes a CTL 
epitope from the HTV-1 env protein and its use as an immunogen to generate 
broad immune responses in a host, to assess immune responses in virus-infected 
hosts and as a diagnostic reagent to detect viral infection. The allowed claims are 
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directed to both polypeptide immunogens and methods of eliciting CTL responses 
and high titer neutralizing antibodies; and 

(iii) U.S. Patent No 6,294,322 to Berzofsky et al (Exhibit ASS) describes a CTL 
epitope from the HIV-1 gpl60 protein and its use in generating high titer 
neutralizing antibodies and enhancing CTL responses. The allowed claims are 
directed to both polypeptide immunogens and methods of diagnosing exposure to 
HIV-1. 

The patent documents referred to in the preceding paragraph demonstrate clearly that 
compositions comprising CTL epitopes were known before the present invention to have 
broader utility than as vaccines. In the present case, the fact that each CTL epitope in the 
polyepitope composition is correctly processed and presented by APCs makes the 
claimed constructs useful for detecting a plurality of CTL responses, or in eliciting 
simultaneous CTL responses to a plurality of different CTL epitopes. 

The patent documents referred to at paragraph 15 indicate clearly that the US Patent 
Office practice does not equate claims directed to peptides comprising CTL epitopes with 
claims directed to vaccines. Proceeding on this basis, I disagree strongly with the 
position taken by the Examiner in the May 21, 2002 Office Action. At the very least, the 
present Examiner should provide The Present Application equitable consideration in 
respect of the polynucleotide claims. 

Second, I strongly disagree with the Examiner that the specification discloses only a 
polynucleotide comprising multiple (up to ten) murine CTL epitopes as depicted in 
Figure 5 from the pathogens listed in Table 2. 

Example 1 of the specification as originally filed taught a construct encoding a 
polyepitope consisting of nine HLA-restricted (i.e. human) EBV CTL epitopes as listed 
in Table 1 of the specification. The nine CTL epitopes were flanked by two B cell 
epitopes. The polynucleotide encoding a single polypeptide consisting of the nine CTL 
epitopes and two B cell epitopes incorporated a single Kozac consensus sequence and a 
single translation start site upstream of the open reading frame encoding the epitopes (i.e. 
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there were no internal translation initiation sequences between the sequences encoding 
the CTL epitopes). The minimal CTL epitopes were each only 9-10 amino acids in 
length and, as a consequence, the CTL epitopes were substantially free of nucleic acid 
sequences encoding naturally occurring flanking sequences (see final two lines of 
paragraph 36 and the description of Table 1). The construct was cloned into vaccinia 
virus and used to infect target cells, which expressed the HLA alleles restricting each 
epitope. HLA matched human CTL clones specific for each epitope were then used as 
effector cells. The positive results presented in Figures 2 and 3 of the specification 
indicated that each epitope in the expressed human polyepitope was processed within the 
human target cells and recognized specifically by human CTL clones from EBV-infected 
human patients. In the absence of conducting human clinical trials, this approach is well 
recognized for assessing stimulation of human T cells by a vaccine composition and 
would be expected in the field to indicate efficacy. 

Our general approach to producing the claimed constructs is independent of the precise 
sequence of any CTL epitope included in the polyepitope polypeptide and, as a 
consequence, is not limited in application to a particular CTL-encoding nucleic acid 
sequence. The described method is generic rather than being limited to the exemplified 
polypepitope polypeptides or even specific CTL epitopes because, if the minimal CTL 
epitopes are known, then the process for selecting a subset of epitopes is mechanical 
based upon their HLA restriction and their predicted ability to protect against disease. 
The formulation of individual epitopes into a single polyepitope can be readily achieved 
following the teaching in The Present Application without undue experimentation. For 
example, following the teaching provided in The Present Specification, a skilled person 
seeking to produce an HIV vaccine would select from the literature a range of minimal 
CTL epitopes from appropriate HTV proteins (e.g. gag, env, nef, etc) where multiple 
epitopes from each protein may be chosen to cover a range of HLA restrictions (e.g. A2, 
B8, A24, B35, etc.). 

The selection of specific CTL epitopes was not a major obstacle to performing the 
invention presently claimed, even in 1994. Before 1994, the general structure of a CTL 
epitope had been elucidated as a peptide of about 7-10 amino acids in length which is 
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incorporated within the groove in the major histocompatability complex type 1 (MHC-1) 
surface antigen on antigen presenting cells (APC) and then "presented" to CD8+ T cells, 
otherwise known as cytotoxic T lymphocytes (CTL) (see Rammensee et al., Ann. Rev 
Immunol. 11, 213-244, 1993; Exhibit AS6). 

Whilst the principles of CTL recognition were initially established in murine systems, 
subsequent experience demonstrated that those principles also applied to human cells 
(e.g., Townsend et al., Cell 44, 959-968, 1986; Exhibit AS7). Townsend et al. provided 
the first definition of the concept that CTL recognised short peptide fragments and that 
both murine and human CTLs recognize degraded peptide fragments of proteins in 
association with MHC Class I molecules. The difference lies only in the detailed 
selection of the CTL epitopes and not in the mechanism by which the immune response 
recognizes a particular epitope. The concept of the general mechanistic similarity 
between murine and human CTL presentation is also referred to by Rammensee et al 
1993 (Exhibit AS6). Accordingly, the protective responses of example 2 acknowledged 
by the Examiner in the May 21, 2002 Office Action, also indicate efficacy of the 
invention for humans. 

Before the filing date of The Present Application, Rammensee et al., Ann. Rev Immunol. 
11, 213-244, 1993 (Exhibit AS6) also describe a total of 58 minimal mouse and human 
CTL epitopes, including CTL epitopes from HIV-1 reverse transcriptase, HTV-1 gag, and 
Hiv-1 gpl20 proteins. The CTL epitopes disclosed by Rammensee et al. represent only 
a fraction of CTL epitopes known at the time of the invention {e.g., Khanna et al, J. Exp. 
Med 176, 169-176, 1992 (Exhibit AS8) described CTL epitopes from EBV; U.S. Patent 
No 5,700,635 to McMichael et al. describes a CTL epitope from the HIV-1 gag protein 
(Exhibit AS3); U.S. Patent No 5,932,218 to Berzofsky et al. describes a CTL epitope 
from the HIV-1 env protein (Exhibit AS4); and U.S. Patent No 6,294,322 to Berzofsky et 
al. describes a CTL epitope from the HTV-1 gpl60 protein (Exhibit AS5)]. 

I also note that in the Office Action mailed on May 21, 2002, the Examiner also 
acknowledges several prior art CTL epitopes from a wide range of pathogens and tumor 
antigens, such as, for example, the following minimal CTL epitopes: 
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(i) a CTL epitope from CMV and a recombinant vaccine comprising same as 
described by Del Val et al, J. Virol. 65, 3641-3646, 1991; 

(ii) a CTL epitope from Influenza Virus as described by Latron et al, Proc. Natl 
Acad. Sci (USA) 88, 1 1325-1 1329, 1991; 

(iii) CTL epitopes from EBV as described by Burrows et al, J. Gen. Virol 75, 2489- 
2493, 1994; and 

(iv) CTL epitopes from the melanoma tumor antigens MAGE-1 and MAGE-2 and 
their potential use in vaccines, as described by Celis et al, Proc. Natl Acad. Sci 
(USA) 91, 2105-2109, 1994 and references cited therein at paragraph 1 of Celis et 
al. 

The specification of The Present Application also discusses in a general sense CTL 
epitopes from one or more pathogens or tumor antigens, and exemplifies CTL epitopes 
from human EBV (Table 1) and from a range of murine pathogens as listed in Table 2, 
specifically Influenza Virus, Adenovirus, Sendai Virus, Plasmodium berghei, MCMV 
andLCMV. 

Before the present invention, I was also aware of several well-established methods for 
determining CTL epitopes from any source. For example, predictive algorithms may 
provide some indication of the presence of a CTL epitope in an antigen, however such 
methods are in no way definitive. CTL epitopes were also known to be defined in a 
chromium release assay wherein the minimal amino acid sequence capable of making a 
target cell susceptible to CTL (usually CD8+) lysis was determined. Generally, target 
cells were labelled with radioactive chromium, sensitised with each of the series of 
truncated synthetic peptides, and mixed with activated T cells, and the extent of lysis was 
measured by the release of soluble chromium. This methodology precedes 1994 and is 
accepted by all immunologists. By 1997, numerous minimal CTL epitopes had been 
defined by chromium release assay (e.g., Rickinson and Moss, Ann. Rev. Immunol. 15, 
405-431, 1997; Exhibit AS9). Additionally, the ELISPOT assay enumerates the CD8 + T 
cell response to a given CTL epitope, via a measurement of interferon (IFN)-gamma 
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release. As well as measuring the frequency of CD8 T cells specific for defined CTL 
epitopes, the ELISPOT assay is used to scan peptide sequences to define new CTL 
epitopes. One of the early references to use of ELISPOT for analysis of epitope specific 
CD8 T cells was Miyahira et al., J. Immunol. Methods 181, 45-54, 1995 (Exhibit AS10). 

27. As one skilled in the art, I can also state that the artisan would find the matter of making 
the constructs of the present invention, armed with the guidance provided in the 
specification, a routine matter. The materials and general molecular procedures for 
constructing the polyepitope constructs were readily available to the artisan at the time 
the application was filed. 

28. Based upon the disclosure in the specification and what was known before the filing date 
of The Present Application, I disagree with the Examiner's conclusion that there are 
insufficient working examples of the claimed polynucleotides to enable a skilled person 
to produce the full scope of polynucleotides claimed. 

29. In my opinion, there is sufficient teaching provided in The Present Specification to enable 
a skilled person to conjoin any number of CTL epitopes substantially free of natural 
flanking sequences, from any number of different antigens of a number of different 
pathogens. As the prior art disclosed a wealth of CTL epitopes as acknowledged by the 
Examiner in the May 21, 2002 Office Action and The Present Application also disclosed 
a large number of CTL epitopes from the antigens of human and murine pathogens and 
two divergent polynucleotides encoding such fusion polypeptides (Examples 1 and 2), the 
specification contains a sufficient teaching to enable a skilled molecular biologist or 
immunologist to produce such polynucleotides without any undue burden of 
experimentation. 

30. In support of this conclusion, I submit herewith the following publications that use the 
methods disclosed in The Present Application to produce new polyepitope-encoding 
constructs: 

(i) Gardner et al, In: Proc. 12 th World AIDS Conference, Geneva, Switzerland, June 
28-July 3, 1998, pp 295-298 (Exhibit AS1 1). In particular, Gardner et al teach a 
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polyepitope construct encoding multiple tandem HIV HLA A2-restricted CTL 
epitopes (Table 1), its delivery by modified vaccinia virus Ankara (MVA), and 
the testing of same in HLA A2 transgenic mice prior to human clinical trials (p. 
296 "Polytope vaccines against HTV/AIDS"). Gardner et al. state at page 296, 
lines 1-5, that the "polytope approach has now been shown to work for a variety 
of epitopes, diseases and vectors including HIV and Modified Vaccinia Ankara 
(MVA) (Hanke et al., 1998), malaria and Ty particles (Gilbert et al., 1997), 
different viruses and vaccinia (An and Whitton, 1997), and influenza and 
lipopeptides (Sauzet et al., 1995). 

Mateo etal., J. Immunol. 763,4058-4063, 1999 (Exhibit AS12) describe an HLA 
A2-restricted polyepitope vaccine against melanoma comprising ten CTL epitopes 
wherein vaccinated HLA A2 transgenic mice generated CTL specific for the 
multiple epitopes that recognized and killed human melanoma cells; 

Woodberry etal, J. Virol 73, 5320-5325, 1999 (Exhibit AS13) describe an HIV-1 
CTL polyepitope construct encoding seven tandem HIV-1 CTL epitopes, that 
induces CTL specific for the multiple epitopes in transgenic HHD mice [i.e. 
transgenic mice having a transgene comprising the alpha-l(H) and alpha-2 (H) 
domains of human HLA A2 linked to the alpha-3 transmembrane and cytoplasmic 
domains of mouse H-2D b (D), with the alpha- 1 domain being linked to human 
beta-2 microglobulin), such that the only MHC molecule expressed by the mice is 
the modified HLA A2 molecule); 

Firat et al., Eur. J. Immunol. 31, 3064-3074, 2001 (Exhibit ASM) describe a 
polyepitope construct encoding thirteen HTV-1 CTL epitopes and its use to induce 
long-lasting CTL responses against the epitopes in HHD mice; and 

Suhrbier Expert Rev. Vaccines I, 207-213, 2002 (Exhibit AS15) which reviews 
the polyepitope vaccines shown to induce multiple protective CD8 T cell 
responses (i.e. CTL responses) in murine, monkey, and in vitro systems (see 
Table 1) and those polyepitope vaccines presently in, or near to, human clinical 
trials (see Table 2). 

10 



In particular, Suhrbier (2002) (Exhibit AS15) summarizes the efficacy of such polytope 
constructs at page 208, left column, as follows: 

"Perhaps surprisingly, every individual epitope within such conjoined strings of 
epitopes has been shown repeatedly to be immunogenic." (emphasis added) 

31. As for vaccines, at least one construct exemplified in The Present Application (i.e. 
Example 2) did confer a protective immune response. As noted supra, Example 2 of the 
specification as originally filed taught that the CTL responses induced by the polyepitope 
were, in fact, protective. This analysis was performed using a tumor model (i.e. 
ovalbumin-transfected EL4 cells designated "EG7 tumor cells" which are innoculated 
into C57BL/6 mice), and Balb/c mice infected with MCMV (paragraph 56). 

32. Notwithstanding that example 2 is the only in vivo working example provided in the 
specification of a protective immune response, the example provided included CTL 
epitopes to a wide range of different pathogens, indicating that the pathogen per se was 
not a limiting factor in producing a protective immune response. Indeed, this technology 
is broadly applicable to any vaccination situation in which the generation of CTL 
response is important for providing protective immunity. 

33. Affixed hereto is a copy of a review article I wrote in 1997 (Suhrbier, Immunol. Cell. 
Biol. 75, 402-408, 1997; Exhibit AS16) which demonstrates the well-established fact that 
CTLs are required for protection against many diseases and that effective vaccines 
against many diseases require induction of specific CTL responses. For example, 
Suhrbier states at page 404, left column, paragraph 3, as follows: 

"CTL provide immune control of EBV-infected B cells. A vaccine capable of 
inducing EBV-specific CTL is therefore likely to protect against both infectious 
mononucleosis (M) and post-transplant lymphoproliferative disease (PTLD); 
diseases which are characterised by uncontrolled expansion of EBV-infected B 
cells... .considerations make a compelling case for the epitope-based approach for 
an EBV CTL vaccine... a small number of EBV-specific CTL were sufficient to 
clear an X-ray visible PTLD." 



25226358.1 



11 



Suhrbier also states, at page 404, bridging left and right columns: 

"Cytotoxic T lymphocyte epitopes delivered by DNA vaccination have given 
therapeutic and prophylactic protection against tumours in animal models, as have 
CTL epitopes delivered by vaccinia. . 

Suhrbier also states at page 405, left column, as follows: 

"There is now a considerable body of compelling indirect evidence that CTL have 
a role in preventing or limiting (or even clearing): (i) initial HIV infection; and (ii) 
progression to AIDS.... many observations still provide convincing evidence for 
the protective role of CTL in HIV/AIDS." 

It is well accepted in the immunological arts to use systems other than a phase II human 
clinical trial to provide evidence for the efficacy of a vaccine formulation. Murine 
vaccination studies and in vitro assays using T cells from human also provide evidence of 
vaccine efficacy. 

That CD8 T cells or CTL likely provide protection against certain human diseases can be 
established using mouse models and in vitro studies of T cells derived from infected 
humans. That a vaccine modality is capable of inducing CTL immunity can similarly be 
established using murine studies and in vitro studies of human T cells. 

For example, to assess the efficacy of HLA A2 restricted CTL epitope-based vaccines, 
HHD mice can be used. Alternatively A2/K b mice can also be used for testing CTL 
response to vaccine compositions comprising HLA A2-restricted CTL epitopes (Shirai et 
ah J. Immunol 154, 2733-2742, 1995). 

Alternatively, the human T cells can be stimulated in vitro with the polyepitope or an 
individual CTL epitope thereof and T cell activation measured using cytotoxicity assays 
or ELISPOT. For example, Smith et al, Clin Cancer Res 7, 4253-4261, 2001, used a 
polyepitope to induce human CTL responses in vitro. Additionally, Thomson et ai, 
Proc. Natl. Acad Sci USA 92, 5845-5849, 1995, showed that the EBV polyepitope was 
able to restimulate CTL s from EBV-infected individuals. 
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38. Accordingly, the Examiner is in error in requiring data on protection as evidence that the 
specification enables the production of a vaccine composition. In any event, I consider 
that the protective data provided in example 2 of The Present Application clearly enables 
a skilled ixnmunologist to produce a DNA vaccine encoding a polyepitope polypeptide of 
the invention comprising any number of different CTL epitopes. The Present Application 
makes it possible to formulate a vaccine (either DNA or polypeptide) containing 
sufficient antigenic content to induce CTL responses to one or more proteins within a 
pathogen or a tumour over a broad cross-section of the human population. The 
incorporation of nucleic acid encoding CTL epitopes into a polyepitope construct for use 
as a vaccine would be routine in view of the skill in the arts and the guidance provided by 
the specification. 

39. In summary, the specification as filed provided a sufficient teaching to enable a skilled 
immunologist to produce a polynucleotide comprising a nucleic acid sequence encoding a 
plurality of cytotoxic T lymphocyte (CTL) epitopes wherein each CTL , epitope is 
substantially free of sequences encoding peptide sequences naturally found to flank that 
CTL epitope and wherein at least two of the plurality of CTL epitopes are contiguous or 
spaced apart by an intervening sequence that does not comprise a translation start 
methionine, irrespective of the precise structure or number of the CTL epitopes 
employed, the nature of the pathogen from which the CTL epitopes were derived , or the 
vector system employed* I also consider that the specification enables such a person to 
produce and test nucleic acid vaccines comprising the subject constructs. 

40. 1 declare that all statements made of my knowledge are true and all statements made on 
the information are believed to be true; and, further that these statements were made with 
knowledge that willful false statements and the like so made are punishable by fine or 
imprisonment or both, under § 1001 of Title 18 of the United States Code, and that such 
willful false statements may jeopardize the v^lii^ity of this application or any patent 
issued thereupon. 



Date: ^P//^/<?^ 
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TTTRRTCULUM VITAE 

SUMMARY Andreas Suhrbier is a principal research fellow with QIMR and holds conjoint 
associate professor positions with the Australian Centre for International Tropical Health & 
Nutrition, and the Dept Micro & Parasit., University of Queensland. He has a total of 69 
accepted publications including 1 Nature Medicine, 1 PNAS, 2 J. Exp Med., 6 J Immunol., 7 
J Virol and seven invited reviews. He has been a CI on three NIH (USA) grants. Major 
scientific contributions include setting up the first phase I CTL-based Epstein-Barr virus 
vaccine trial, discovery and development of the polyepitope or polytope approach for 
deliverinq multiple cytotoxic T cell epitopes, directly demonstrating for the first time that CTL 
alone can protect against retroviral infection, and discovery of the first arbovirus of manne 

mammals. intem ational trips in the last 3 years include invitations to the Harvard 

Medical School (Boston), Lyon (Aventis, France), California-Aust. Biotech Partnering Conf. 
(San Diego), Elmau Workshop on MVA (Germany) and Institute Pasteur (Pans). He is a so 
an invited speaker at the World Congress on Vaccines and Immunization 2002 (Croatia). 
Recent funded local invited speakerships include the Australian Virology Group 2001 , 
Hanson Symposium 2000, 8th Arbovirus Conf. 2000, The Aust. Soc. Infect. D.s./Aust. Coll. 
Trap. Med. meeting 1999, and CTTAC/ANCARD HIV-vaccine workshop 1999. 

He has been interviewed/involved in various media activities including Qantum 
Norman Swan health report, New Scientist, national science week panel member, ABC 
science in the pub panel member and several local radio and newspaper reports 

He has been an inventor on 11 patents, 6 of which have been commercialised (sold) 
to international and Australian pharmaceutical companies. Currently he is a consultant for 
CSL Ltd., Peplin Biotech (Australia), Bavarian Nordic (Germany), and last year he consulted 
for Aventis Pasteur (France). 

NAME ANDREAS SUHRBIER 

DATE OF BIRTH 2nd May 1960 

CURRENT ADDRESS Queensland Institute of Medical Research (QIMR), 

300 Herston Road, HERSTON, Qld., Australia 4006. 
Tel. (07) 33620415 
FAX (07) 33620107 
E mail: andreasS@qimr.edu.au 

EMPLOYMENT HISTORY 

2000 -PRESENT QIMR. 

Principal Research Fellow (PRF); Molecular Vaccinology 
Laboratory, Division of Infectious Diseases and Immunology. 

Adjunct Associate Professor; Australian Center for 
International & Tropical Health & Nutrition, and Dept. 
Microbiology, University of Queensland. 

1 995 - 2000 QIMR. Lab head of Molecular Vaccinology. 
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5/12/95). 



Tropical 
Queensland. 

1992 -1995 



1994-1999. 



and 

1990- 1992. 
Society 

1986 - 1989. 



Senior Research Fellow (SRF); Epstein-Barr virus Unit (SRF1, 

Ad junct Senior Lecturer ; Australian Centre for International & 
Health & Nutrition, and Dept. Microbiology, University of 



QIMR. 

Research Fellow ; Epstein-Barr virus Unit 

Adjunct Lecturer; Australian Centre for International & 
Tropical Health & Nutrition, University of Queensland. 

Program Leader of program "Induction of cytotoxic T cells" 
Co-operative Research Center for Vaccine Technology. 
Member of the Scientific Advisory Committee (and Research 
Development Advisory Committee till 1996). 

QIMR. Senior Research Officer/Wellcome Fellowship/Royal 
Fellowship. Malaria & Arbovirus Unit. 

Research Officer, 

Imperial College of Science and Technology, 
Department of Pure & Applied Biology, , 
Molecular and Cellular Parasitology Group, 
Prince Consort Road, London, SW7 2BB. 



MAJOR SCIENTIFIC CONTR IBUTIONS; 

- Discovered the first arbovirus of marine mammals, which also emerges to be the first 
arbovirus transmitted by lice and the first alphavirus of Antarctica. The story was widely 
publicized and appeared in New Scientist. 

- Directly demonstrated for the first time that CTL alone can protect against the establishment 
of a latent retroviral infection using an ovine retrovirus model. The work was published m 
Nature Medicine. 

- Development of the polyepitope or polytope approach for delivering multiple cytotoxic T 
cell (CTL) epitopes. The approach is patented by the CRC-VT and has been licensed to 
Bavarian Nordic GmbH, and CSL Ltd. for EBV, HIV and melanoma. 

- Setting up the first phase I CTL based Epstein-Barr virus (EBV) vaccine trial. A critical 
step was award of National Institutes of Health, USA grant (US$160,000 p. a. for 4 years). 
The CRC-VT has filed several patents from this work and is developing an EBV vaccine in 
partnership with CSL Ltd. 
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- Establishment of the first in vitro model of Ross River virus disease (RRVD), which 
indicated that persistent virus in synovial macrophages is the cause of RRVD, a disease 
afflicting up to 7000 Australian annually. Also the first group to complete a prospective 
survey of RRVD using validated quality of life questionnaires. 

- Characterisation of the second known liver stage specific antigen of malaria and 
manufacture of the first monoclonal antibody specific for a liver stage antigen. Extensive 
immunohistochemical data also illustrated how unrealistic the murine models of malaria are 
for understanding CTL immunity to liver stage parasites. 

- Achieving for the first time the complete development in vitro of the vertebrate cycle of 
malaria (P. berghei). 

PUBLICATIONS (* indicates key papers, ^indicates invited papers, #book chapters). 



70. G. A. Darnell, T. M. Antalis, R. W. Johnstone, B. W. Stringer, S. M. Ogbourne, D. 
Harrich, and A. Suhrbier. Plasminogen Activator Inhibitor-2 has an Intracellular 
Activity as a Retinoblastoma Binding Protein (submitted). 

^69. A. Suhrbier. 2002. Polytope vaccines for the co-delivery of multiple CD8 T cell 
epitopes. Expert Review of Vaccines. 1, 207-213. 

68. A D. M.ylonas, A. M. Brown, T. L. Carthew, B. McGrath, D. M. Purdie, N. Pandeya, 
C. Vecchio, L. G. Collins, I. D. Gardner, F. J. DeLooze, E. Reymond, A. Suhrbier. 
2002. The natural history of Ross River virus induced epidemic polyarthritis. Med J 
Aust 177; 356-360 

67. 1. Anraku, T. J. Harvey, R. Linedale, J. Gardner, D. Harrich, A. Suhrbier and A. A. 
Khromykh. 2002 Kunjin replicon vaccine vectors induce protective cytotoxic T cell 
immunity. J Virol. 76; 379 1-3799. 

66. SL Silins, MA Sherrit, JM Silleri, SM Cross, EL Elliott, M. Bharadwaj, TTT Le, LE 
Morrison, R. Khanna, DJ Moss A. Suhrbier and IS Misko. 2001. Asymptomatic 
primary EBV infection occurs in the absence of blood T cell repertoire perturbations 
despite high levels of systemic viral load. Blood. 98(13):3739-3744. 

65. H. Firat, F, S. Tourdot, A. Ureta-Vidal, A. Scardino A, A. Suhrbier, F Buseyne, Y 
Riviere, O Danos ML Michel, K Kosmatopoulos and F.A. Lemonnier. 2001. Design 
of a polyepitope construct for the induction of HLA-A0201-retricted HIV 1 -specific 
CTL responses using HLA-A*0201 transgenic H-2 class I KO mice. Eur J Immunol. 
31:3064-74. 
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64. T. T.T. Le, D. Drane, J.Malliaros, J. C. Cox, L. Rothel, M. Pearse, T. Woodberry, J. 
Gardner, A. Suhrbier. 2001. Cytotoxic T cell polyepitope vaccines delivered by 
ISCOMs. Vaccine 19; 4669-4675. 

63. L. Mateo, J. Gardner, and A. Suhrbier. 2001. Delayed emergence of bovine leukemia 
virus following vaccination with a protective cytotoxic T cell based vaccine. AIDS 
Res Hum Retroviruses . 17; 1447-53. 

62. Sjolander A, Drane D, Maraskovsky E, Scheerlinck J, Suhrbier A, Tennent J, Pearse 
M. 2001. Immune responses to ISCOM formulations in animal and primate models. 
Vaccine 19: 2661-5. 

*61. May La Linn, J. Gardner, D. Warrilow, G. A. Darnell, C. R. McMahon, I. Field, A. D. 
Hyatt, R. W. Slade, A. Suhrbier 2001. An arbovirus of marine mammals; a new 
alphavirus isolated from the elephant seal louse, Lepidophthirus macrorhini. J. Virol 75: 
4103-9. 

60. Sherritt M.A., Gardner J., Elliott S.L., Schmidt C, Purdie D., Deliyannis G., Heath 
W.R., and Suhrbier A. 2000. Effect of pre-existing cytotoxic T lymphocytes on 
therapeutic vaccines. Eur. J. Immunol ., 30; 67 1 -7. 

59. L. Mateo, May La Linn, S. R. McColl, S. Cross, J. Gardner and A. Suhrbier. 2000. 
An arthrogenic alphavirus induces monocyte chemoattractant protein 1 and 
interleukin-8. ftitervirology 43; 55-60. 

IN58. M. Bharadwaj, A. Suhrbier, S.L. Elliott, and J. Moss. 1999. Epstein-Barr virus 
and associated cancers Todays Life Science 12(13); 42-45. 

!N57. A.J. Ramsey, S.J. Kent, RA. Strugnell, A. Suhrbier, S.A. Thomson and I. 

Ramshaw. 1999. Genetic vaccination strategies for enhanced cellular, humoral and 
mucosal immunity. Immunol Rev . 171; 27-44. 

56. H. Firat, F. Garcia-Pons, S. Tourdot, S. Pascolo, A. Scardino, Z. Garcia, M-L. Michel, 
R. W. Jack, G. Jung, K. Kosmatopoulos, L. Mateo, A. Suhrbier, F.A. Lemonnier, and 
P. Langlade-Demoyen. 1999. H-2 class I knock-out, HLAA2.1 -transgenic mice: a 
versitile animal model for preclinical evaluation of anti-tumour immunotherapeutic 
strategies. Eur J Immunol 29; 3112-3121. 

55. D.R. Shafren, J.Gardner , V.H. Mann, T.M. Antalis, and A. Suhrbier. 1999. 
Picornavirus receptor downregulation by Plasminogen Activator Inhibitor Type-2 
(PAI-2). J. Virol. 73:7193-7198. 

54. T. Woodberry, J. Gardner, L. Mateo, D. Eisen, J. Medveczky, LA. Ramshaw, S. A. 
Thomson, R.A. Ffrench, S.L. Elliott, H. Firat, F.A. Lemonnier, A. Suhrbier. 1999. 
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Immunogenicity of an HIV polytope vaccine containing multiple HLA A2 HIV CD8+ 
cytotoxic T cell epitopes. J. Virol. 73; 5320-5325. 

53 L Mateo, J. Gardner, Q. Chen, C. Schmidt, M. Down, S. L. Elliott, S. J. Pye, H First, 
' F.A. Lemonnier, J. Cebon, and A. Suhrbier. 1999. An HLA A2 Polyepitope Vaccine 
for Melanoma Immunotherapy. J. Immunol . 163; 4058-4063. 

52 Elliott, S.L., Pye, S., Le, T., Mateo, L., Cox, J., Macdonald, L. A. A. Scako, C.A. 
' Forbes and Suhrbier, A. 1999. Peptide based cytotoxic T cell vaccines; delivery of 
multiple epitopes, help, memory and problems. Vaccine 17; 2009-2019. 

♦51 A D Hislop, M.F. Good, L. Mateo, J. Gardner, M.H. Gatei, R.C.W. Daniel, B.V. 
Meyers, M.F. Lavin and A. Suhrbier. 1998. Vaccine-induced cytotoxic T 
lymphocytes protect against retroviral challenge. Nature Medicine 4 (10);1 193 - 1 196 

*50 TM Antalis, May La Linn, K. Donnan, L. Mateo, J. Gardner, J.L. Dickinson, K. 
Buttigieg and A. Suhrbier. 1998. The serpin Plasminogen Activation Inhibitor Type- 
2 protects against viral cytopathic effects by constitutive interferon a/p priming. I 
Exp. Med . 187: 1799-1811. 

IN49 D.J. Moss, A. Suhrbier, S.L. Elliott. 1998. Candidate vaccines for Epstein-Barr 
virus. British Medical Journal 317(7156): 423-424 

*48 May La Linn, L. Mateo, J. Gardner, A. Suhrbier. 1998. Alphavirus specific 
cytotoxic T lymphocytes recognise a cross reactive epitope from the capsid protein 
and can eliminate virus from persistently infected macrophages. LViroJ.72: 5146- 
5153. 

*47 S A Thomson, M. A. Sherritt, J. Medveczky, S. L. Elliott, D. J. Moss, G.J.P. 
Fernando, L. E. Brown, A. Suhrbier. 1998. Delivery of multiple CD8 cytotoxic T 
cell epitopes by DNA vaccination. J. Immunol. 160: 1717-1723 

IN46. Multi-epitope DNA vaccines. A. Suhrbier. 1997. Immunol. Cell Biol. 75, 402-408. 

45. May La Linn and A. Suhrbier. 1997. Persistence of Ross River virus in 
macrophages. Arbovirus Re search in Australia. 7; 153-159. 

44 J Gardner, R. Khanna, M. A. Sherritt and A. Suhrbier. 1997. Use of recombinant 
vaccinia to restimulate antigen specific human peripheral blood cytotoxic T 
lymphocytes. J. Virol. Meth. 65: 105-109. 

*43 S Thomson, S.L. Elliott, M. Sherritt, K. W. Sproat, B. E. H. Coupar, A. A^ Scalzo, C. 
A Forbes, A. Ladhams, X.Y. Mo, R. Tripp, P. C. Doherty, D. J. Moss, A. Suhrbier. 
1996. Recombinant polyepitope vaccines for the delivery of multiple CD8+ cytotoxic 
T cells epitopes. J. Immunol. 157: 822-826. 
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*42. May La Linn, J. Aaskov and A. Suhrbier. 1996. Antibody dependent enhancement 
and persistence in macrophages of an arbovirus associated with arthritis. J Gen Virol 
77; 407-412. 

41 D. J. Moss, C. Schmidt, S.L. Elliott, A. Suhrbier, S. Burrows and R. Khanna. 1996. 
Strategies involved in developing an effective vaccine to EBV-associated diseases. 
AdvCanRes 69; 213-244. 

40 A. Suhrbier, S. R. Burrows, J. Gardner and S. Rodda. 1995. Modification of the 
carboxy terminal group affects replacement set analysis of a cytotoxic T cell epitope. 
Peptide Res 8; 258-262. 

*39. S. Thomson, R. Khanna, J. Gardner, S. R. Burrows, B. Coupar, D. J. Moss, A. 

Suhrbier. 1995. Minimal epitopes expressed in a recombinant polyepitope protein are 
processed and presented to CD8+ cytotoxic T cells: Implications for vaccine design. 
PNAS USA 92; 5845-5849. 

38. May La Linn, A. J. D. Bellett, P. G. Parsons, A. Suhrbier. 1995. Complete removal of 
mycoplasma from viral preparations using solvent extraction. J. Virol. Meth. 52; 51- 
54. 

37. A. A. Scalzo, S.L. Elliott, J. Cox, J. Gardner, D. J. Moss and A. Suhrbier. 1995. 
Induction of protective cytotoxic T cells to murine cytomegalovirus using a 
nonapeptide and a human compatable adjuvant (Montanide ISA 720). J- Virol . 69; 
1306-1309. 

36 V Argaet, C. W. Schmidt, S. R. Burrows, S. L. Silkins, M.G. Kurilla, D. L. Doolan, 
A. Suhrbier, D. J. Moss, E. Kieff, T. B. Sculley and I. S. Misko. 1994. Dominant 
selection of an invariant T cell antigen receptor in response to persistent infection by 
Epstein-Barr virus. J. Exp. Med . 180; 2335-2340. 

#35. D.J. Moss, Burrows, S.R., Suhrbier, A. and Khanna, R. 1994. Potential antigenic 
targets in Epstein-Barr virus associated tumours and the host response. In Vaccines 
against virally induced cancers. CIBA Foundation Symposium 187 John Wiley & 
Sons Ltd, UK. pp 4-20. 

34. S. R. Burrows, J. Gardner, R. Khanna, T. Steward, D. J. Moss, S. Rodda and A. 
Suhrbier. 1994. Five new cytotoxic T cell epitopes identified within Epstein-Barr 
virus nuclear antigen 3. J. Gen. Virol. 75; 2489-2493. 

IN33. D. J. Moss and A. Suhrbier. 1993. Epstein-Barr virus vaccines; prospects and 
limitations. Tndavs Life Science 5 (9); 30-34. 

32. Suhrbier, A., S. R. Burrows, A. Fernan, M. F. Lavin, G. D. Baxter and D. J. Moss. 
1993. Peptide epitope induced apoptosis of human cytotoxic T lymphocytes: 
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implications for peripheral T cell deletion and peptide vaccination. J. Immunol. 150; 
2169-2178. 

31 R Khanna , S. R. Burrows, A. Suhrbier, C. Jacob, H. Griffin, I. S. Misko, T. B. 

Sculley, M. Rowe, A. B. Rickinson and D. J. Moss. 1993. Epstein Barr Virus peptide 
epitope'sensitisation restores human cytotoxic T cell recognition of Burkitt's 
lymphoma cells: Evidence for a critical role for ICAM2. J. Immunol. 150; 5154-5162 

30. Burrows, S. R., A. Fernan, V. Argaet and A. Suhrbier. 1993. Bystander apoptosis 
induced by CD8+ cytotoxic T cell (CTL) clones: implications for CTL lytic 
mechanisms. Int. Immunol . 5; 1049-1058. 

29. A. Suhrbier, C. Schmidt, A. Fernan. 1993. Prediction of an HLA B8 restricted 
influenza epitope by motif. Immunology .79; 171-173. 

28. A. Suhrbier, R. E. Sinden, A. Couchman, S. Fleck and S. Kumar, D. McMillan. 
1993. Immunological detection of cytoskeletal proteins in the exoerythrocytic stages 
of malaria by fluorescence and confocal laser scanning-microscopy. J. Euk. 
Microbiol. . 40; 18-93. 

#^27. A. Suhrbier and S. R. Burrows. Peptide epitope induced apoptosis of human 

cytotoxic T lymphocytes. In Cell and Molecular Biology of Apoptosis. Eds. M. Lavin 
and D. Waters. Harwood Acedemic, Chur, Switzerland. Chapter 21 pp. 245-255 
(1994). 

26. A. Apolloni, D.J. Moss, R. Stumm, S. R. Burrows, A. Suhrbier, I. S. Misko, C. 
Schmidt and T. B. Sculley. 1992. Sequence variation of cytotoxic T cell epitopes m 
different isolates of Epstein-Barr virus. Fur. J. Immunol. 22; 183-189. 

25. S. R. Burrows, S. J. Rodda, A. Suhrbier, H. M. Geysen and D. J. Moss. 1992. The 
specificity of recognition of a cytotoxic T lymphocyte epitope. Eur. J. Immunol.22; 
191-195. 

24. S.R. Burrows, A. Suhrbier, R. Khanna and D.J. Moss. 1992. Rapid visual assay of 
cytotoxic T cell specificity utilizing synthetic peptide induced T cell-T cell killing. 
Immunology 76; 174-175. 

+IN 23. A. Suhrbier. 1991. Immunity to the liver stages of malaria. Parasitology Today. 
1; 160-163 

22. A. Suhrbier, S. J. Rodda, P. C. Ho, P. Csurhes, H. Dunkley, A. Saul, H. M. Geysen 
and C. M. Rzepczyk. 1991. Role of single amino acids in the recognition of a T cell 
epitope. J. Immunol . 147,2507-2513. 
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21. A. Fernan, S. R. Burrows, D. J. Moss, A. Saul and A. Suhrbier. 1991. Inhibition of 
HLA B8 restricted recognition by unrelated peptides. Evidence for allosteric 
inhibition. Immunol. Let. 30, 339-344.. 

20. A. Suhrbier, A. Fernan, S.R. Burrows, A. Saul and D.J. Moss. 1991. BLT esterase 
activity as an alternative to chromium release in cytotoxic T cell assays. J. Imm. 
Meth . 145; 43-53. 

19. R. E. Sinden, A. Couchman, A. Suhrbier, F. Marsh, L. Winger and G. Ranawaka. 
1991. The development of exo-erythrocytic schizonts of Plasmodium berghei in vitro 
from gamma irradiated and non-irradiated sporozoites: a study using confocal laser 
scanning microscopy. Parasitology 103; 17-21. 

18. A. Suhrbier, L. Winger, E. Castellano and R. E. Sinden. 1990. The survival and 
antigenic profile of the irradiated sporozoite in the infected liver cell. Infect. Immun. 
58; 2834-2839. 

17. A. Suhrbier, L. Winger, C. O'Dowd, K. Hodivala and R. E. Sinden. 1990. An 
antigen specific to the liver stage of rodent malaria recognised by a monoclonal 
antibody. Parasite Immunol. 12; 473-481. 

16. M. J. Lockyer, C. S. Davies, A. Suhrbier, R. E. Sinden. 1990. Nucleotide sequence 
of the Plasmodium berghei circumsporozoite protein gene from the ANKA clone 
2.34L. Nucleic Acids Res . 18; 376. 

15. R. E. Sinden, R. S. Bray, R. Hartley, A. Suhrbier, J. B. Jiang, W. A. Krotoski and R. 
W. Gwadz. 1990. An ultrastructural study of the exoerythrocytic stages of the 
exoerythrocytic schizonts of Plasmodium, cynomologi and P. knowlesi in Macaca 
mulatto. Acta Tropica . 47; 11-21. 

IN14. L. Winger, A. Suhrbier, C. O'Dowd, K. Hodivala and R. E. Sinden. 1990. A liver 
stage specific antigen of P. berghei identified by monoclonal antibody. Bull. WHO 
68; S172-177. 

13. R. E. Sinden, A. Suhrbier, C. S. Davies, S. Fleck, K. Hodivala and J. Nicholas. 1990. 
The development and routine application of high-density exoerythrocytic-stage 
cultures of Plasmodium berghei. Bull. WHO 68; SI 15-125. 

12. A. Suhrbier, J. G. Raynes, M. I. Walby, K. P. McAdam and R. E. Sinden. 1990. C- 
reactive protein and the liver stage of Plasmodium vivax and P. berghei. Trans. R.S. 
Trop. Med, and Hve . 84; 781. 

1 1. A. Suhrbier, A. A. Holder, M. F. Weiser, J. Nicholas and R. E. Sinden. 1989. 

Expression of the precursor of the major merozoite surface protein in the liver stage of 
malaria. Am. J. Troo. Med. Hve. 40; 19-23. 
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10 C. S. Davies, A. Suhrbier, L. Winger and R. E. Sinden. 1989. Improved techniques 
for the culture of the liver stages of Plasmodium berghei and their relevance to the 
study of causal prophylactic drugs. Acta Leidensia 58; 97-1 13. 

9. A. Suhrbier, M. F. Weiser, L.Winger, P. Hart, J. Nicholas, K. Hodivala, M. Newton 
and R. E. Sinden. 1988. Contrasts in antigen expression in the erythrocytic and 
exoerythrocytic stage of rodent malaria. Parasitology, 99; 165-170. 

8. A. J. Hamilton, A. Suhrbier, J. Nicholas and R.E. Sinden. 1988. Immunoelectron 
microscopic localisation of circumsporozoite antigen in the differentiating 
exoerythrocytic trophozoite of P. berghei. Cell Biol. Int. Rep. 12; 123-129. 

7. A. Suhrbier, A. J. Hamilton J. Nicholas and R. E. Sinden. 1988. The fate of the 
circumsporozoite antigens during the exoerythrocytic stage of P. berghei. Eur. J. Cell 
Biol. 46; 25-30. 

6. E. H. Carter, A. Suhrbier, P. J. A. Beckers and R. E. Sinden. 1987. The in vitro 
cultivation of P. falciparum ookinetes, and their enrichment on Nycodenz density 
gradients. Parasitology , 95; 25-30. 

5. A. Suhrbier, C. Janse, B. Mons, S. Fleck, J. Nicholas, C. Davies and R. E. Sinden. 
1987. The complete development in vitro of the vertebrate stage of P. berghei. Trans, 
R S. Trop. Med, and Hyg . 81; 907-910. 

4. A. Suhrbier, C. S. Davies and R. E. Sinden. 1987. Intranuclear development of P. 
berghei in liver cells. Cell Biol. Int. Rep . 10; 994. 

3. R. A. Cobb, P. C. Gortell, M. W. Steer, A. Suhrbier and D. R. Garrod. 1987. 
Transplantable colonic adenocarcinomata in rats. Pis. Colon Rectum, 30; 255-262. 

#2. D. L. Mattey, A. Suhrbier, E. Parish and D. R. Garrod. "Recognition, calcium and 
the control of desmosome formation" in "Junctional Complexes of Epithelial Cells". 
CIBA Foundation Symposium 125. John Wiley & Sons Ltd, UK. pp 49-65 (1986). 

1 A. Suhrbier and D. R. Garrod. 1985. An investigation of the molecular components 
of desmosomes in epithelial cells of five vertebrates. J. Cell Sci. 81; 223-242. 
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GRANTS 

Current 

Australian Antarctic Division 2002 Isolation and characterization of arboviruses in seals 
and birds Slade and Suhrbier AU$10,000 

QCF. 2001-2002. Evaluation of a candidate immunotherapeutic target for cancer. 
Antalis and Suhrbier. AU$67,000 pa. 

QCF. 2001-2002. Vaccination strategies for induction of high avidity anti-tumour CTL. 
Suhrbier. AU$64,000 pa. 

NIH. 2000-2002. Kunjin virus replicon as a vector for HIV vaccine. Khromykh, 
Harrich and Suhrbier. US$150,000 pa. 

CRC for Vaccine Technology. 2001-2003. Suhrbier, Drane Sjolander Pearse Lew 
Strugnell. Targeting particulate immunogens. A$70,000 pa. 

NH+MRC. 1997-2003. The immunopathology of epidemic polyarthritis. A. Suhrbier. 
A$ 58,000 p.a. 

QIMR Trust. 2000. The treatment and differential diagnosis of epidemic polyarthritis. 
Suhrbier, McGrath, Vecchio, DeLooze. A$25,000 

ACITHN Collaborative Research Grant. 2000. Ross River virus survey. A. Suhrbier, 
A. Sleigh, D. Harley, D. Purdie, G. Williams. $14,120. 

Queensland Health Arbovirus Research Fund. 1999-2002. The treatment and 
differential diagnosis of epidemic polyarthritis. A. Suhrbier, B. McGrath, DeLooze, P. 
Vecchio. A$ 22,600. 

Past support 

ANCARD. 1998-2001. A cytotoxic T cell based vaccine for HIV. A. Suhrbier and S. 
Elliott A$90,000 pa. 

CRC for Vaccine Technology. Suhrbier, Sutter, Michaelis and Finlayson. 1999-2000. 
Melanoma and HIV polytope vaccines delivered by MVA. (A$70,000 pa). 

Australian Rotary Health Research Fund. 1997-1998. The treatment and differential 
diagnosis of epidemic polyarthritis. Suhrbier, McGrath, Vecchio, DeLooze. 
(A$15,000). 

Queensland Health Arbovirus Research Fund. 1997-1998. The treatment and 
differential diagnosis of epidemic polyarthritis. A. Suhrbier, B. McGrath, DeLooze, P. 
Vecchio (A$ 28,000). 
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QCF. 1997-2000. Construction and testing of a melanoma cytotoxic T cell polyepitope 
vaccine. A. Suhrbier and S. Elliott (A$102,000) 

CRC for vaccine technology; 1998-1999. EBV vaccine, optimisation of formulation. A. 
Suhrbier, J. Cox, S. Elliott. A$ 70,000pa. 

CRC for vaccine technology; 1996-9. Multiepitope delivery for Epstein-Barr cytotoxic 
T cell based vaccines. A. Suhrbier, D. J. Moss, S. Elliott, B. Coupar. A$ 152,000 pa. 

NH+MRC; The use and effects of perforin independent human cytotoxic T cell lytic 
mediators. 1996-8. A. Suhrbier. (A$ 48,000 p.a.). 

CRC for vaccine technology; T cell epitope identification. 1995-7. A. Suhrbier, B. 
Coupar, M. Andrews, R. Khanna, D. Jackson and D.J. Moss. (A$ 73,230pa) 

CRC for vaccine technology; 1995-7. CD8 and CD4 T cell polyepitope vaccines: 
evaluation in murine systems. A. Suhrbier, R Khanna, S. Elliott, B. Coupar (A$ 
74,500pa) 

CRC for vaccine technology; ISCOMs for the delivery of DNA vaccines. 1996. I. 
Barr, R. Macfarlan, A. Suhrbier. (A$ 10,000pa) 

NH+MRC; The role of T cells in Ross River virus infection. 1994-6. A. Suhrbier. (A$ 
32, 000 p.a.). 

Queensland Health Arbovirus Research Fund. 1994. The role of antibody dependent 
enhancement in the immunopathology of epidemic polyarthritis. A. Suhrbier and May 
La Linn. (A$10,000). 

National Cancer Institute, USA. 1993-1995. Interactions between Epstein Barr virus 
specific cytotoxic T lymphocytes and their targets. DJ. Moss, A. Suhrbier, T.B. 
Sculley, I.S. Misko, R. Khanna, V. Argaet, D. Esmore. (US$20,000pa). 

National Cancer Institute, USA. 1992-1996. Epstein Barr virus cytotoxic T cell 
epitopes in vaccine development.. D.J. Moss, T.B. Sculley, I.S. Misko, A. Suhrbier, A. 
Saul and R. Kemp. (US$16O,00Opa). 

Sylvia and Charles Viertel Charitable Foundation. 1993-4. Ross River Virus infection; 
new initiatives for treatment. A. Suhrbier (A$20,000). 

Mayne Bequest Fund. 1993-1994. The role of T cells in Ross River virus infection. A. 
Suhrbier. (A$32,000). 
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University of Queensland New Staff Research Grant. 1993-1994. Isolation and 
Characterisation of Ross River virus specific T cells. A. Suhrbier, J. Aaskov and D.J. 
Moss. (A$20,000). 

CRC for vaccine technology; T cell epitope processing. 1993. A. Suhrbier, B. Coupar, 
M. Andrews, R. Khanna, D. Jackson and D.J. Moss. (A$ 7,500). 



UK grants; 

MR.C. UK. 1988-1991. A cell biological and immunological study of the 
exoerythrocytic development of P. vivax and P. falciparum. (Authors; A.Suhrbier and 
R.E.Sinden). 

Leverhume Trust, UK. 1988-1989. The liver stage of malaria, a novel target for anti- 
malarial vaccines. (Authors; A.Suhrbier, L. Winger and R.E.Sinden). 

M.R.C. UK. 1987-1990. The antigenic architecture of, and the immune response to, 
the liver stages of P. berghei in the infected host hepatocyte. (Authors; A.Suhrbier and 
R.E.Sinden). 

Fellowships; 

Wellcome Trust Advanced Training Fellowship in Tropical Medicine. 1990-1993. 
Identification of T cell epitopes in vaccine candidates. UK pounds 30,000 pa. 

Royal Society Fellowship. 1989-1990. Identification of T cell epitopes in vaccine 
candidates. UK pounds 2000. 
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p+n rnNTHAfT RESEARCH 

Aventis Pasteur 2000. Cryopreservation DEN052. AU$210,000 

Peplin Ltd. 2000 and 2001. Anti-cancer compounds. AU$ 600,000 pa. 

CSL Ltd. 2001-2002. Testing ISCOM formulations. AU$ 120,000. 

CSLLtd. 1999-2000. Testing ESO-ISCOM formulations. AU$ 60,000. 

CSL Ltd / CRC VT; 1999-2001. Defining important aspects in relation to developing a 
vaccine to EBV. DJ. Moss, A. Suhrbier, M. Bharadwaj. AU$ 155,000 pa. 

CSL Ltd./ CRC VT; 1999-2001. Development of an ISCOM-polytope vaccine. A. 
Suhrbier, D. Drane, J. Cox, M. Pearse. AU$ 66,000 pa. 

Bavarian Nordic GmbH, Germany. 1999. Poxvirus Potency. AU$15,000. 
Bavarian Nordic GmbH, Germany. 1999. Poxvirus Prime/Boost. AU$30,000. 
Bavarian Nordic GmbH, Germany. 1999. Poxvirus Challenge. AU$30,000. 
CONSULTANCIES 

1998 - 2000. Bavarian Nordic. Germany 

1998- present CSL Ltd., Australia 
2000/200 1 Aventis Pasteur, France 

1999- present Peplin Biotech, Australia 

PATENTS 

11 PR9093. 2001-11-27. Flavivirus Vaccine System. Inventors: A.A. Khromykh, A. 
Suhrbier. Applicant; Queensland Department of Health. Commercialised; NO. 

10. PCT/AU01/01635. 2000-12-19. Rb binding protein. Inventors; Antalis T, Darnell G, 
Johnson, R, Suhrbier A. Applicant; QIMR. Commercialised; NO. 

9 PCT/AU0 1/00679; 2001-6-7. Therapeutic agents - 1. Inventors: Aylward JH, Parsons PG, 
Suhrbier A and Turner KA. Applicant; Peplin Biotech Ltd. Commercialised; YES, 

8 PCT/AU0 1/00680; 2001-6-7. "Therapeutic agents - H Aylward JH, Parsons PG, Suhrbier 
A and Turner KA. Applicant; Peplin Biotech Ltd. Commercialised; YES, 

7 PCT/AU0 1/00678; 2001-6-7. "Therapeutic agents - III. Aylward JH, Parsons PG, 
Suhrbier A and Turner KA. Applicant; Peplin Biotech Ltd. Commercialised; YES, 
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6 WO0123577 2001-04-05. Hybrib or chimeric polynucleotides, proteins, and compositions 
comprising hepatitis b virus sequences. Inventors; Langlade-Demoyen P, Michel ^ FuatH, 
Lemonnier F, Suhrbier A. Applicant; Institute Pasteur, Pans, France. Commercmhsed, NO 

5. WO0048630. 2000-08-24. Immunogenic Complexes and methods Relating Thereto II. 
Inventors; Drane D, Cox J, Suhrbier A. Applicant; CSL Ltd. 
Commercialised; YES 

4 WO9603144/EP0769963. 08/02/1996. POLYEPITOPE VACCINES. Inventors; A 
Suhrbier, S. Thomson, R. Khanna, S. R. Burrows, B. Coupar, D. J. Moss. Applicant CRC for 
Vaccine Technology. 
Commercialised - YES 

3 W09524925/US5869453. 09/02/1999. CYTOTOXIC T-CELL EPITOPES Inventors; D. J. 
Moss S. Burrows, R. Khanna, B Kerr, A. Suhrbier. Applicant; CRC for Vaccine Technology. 
Commercialised - YES 

2 WO09524926A1. 09/21/1995. FORMULATION FOR USE IN INDUCING CTL. 
Inventors; J. Cox, A. Suhrbier, S. L. Elliott. Applicant; CRC for Vaccine Technology. 
Commercialised - Dropped. 

1 WO09205193A1. 04/02/1992. EP00549662A1. 07/07/1993. PLASMODIUM LIVER 
STAGE ANTIGENS. Inventors; R. E. Sinden, A. Suhrbier and L. Winger. Applicant; Imperial 
College, London. UK. Commercialised - Dropped. 

FTJNDED INVITATIONS 

International 

June. 2002. Invited speaker, Epitope-based cytotoxic T lymphocyte vaccines. 

Third world congress on vaccines and immunization. Opatija, 
Adriatic Riviera, Croatia. 

Oct 2000 Guest lecturer, Anti-retroviral vaccines. AIDS Research Center, 

Massachusetts General Hospital, Harvard Medical School, 
Charlestown, USA. 

Oct 2000 Commercial collaboration visit and lecture, Polytope vaccines. 

Aventis Pasteur, Immunology Department, Marcy L'Etoile, France. 

May. 1999. Invited participant, California-Australia Biotech Partnering & 

Finance conference. San Diego, USA. 

Jan 1 999 Invited participant, The MVA in vaccination and 

immunotherapy. Elmau Workshop, Bavaria, Germany. 
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April. 1998. 

March. 1993+94. 

Australian 

Dec, 2001 

Dec, 2001 
Nov, 2001 
May, 2001 
Nov, 2000 
July, 2000 



April, 1999 

March, 1999 
December, 1998 

September, 1997 



Commercial co-develoment meeting. Bavaria Nordic Research 
Institute, Munich, Germany. 

Invited participant (Stipend): National Cancer Institute and 
National Institute of Allergy and Infectious Diseases Discussion 
Group. New York, USA. 

Selected speaker: The natural history of Ross River virus induced 
epidemic polyarthritis. Qld Health & Medical Sciences Meeting, 
Brisbane, Qld. 

Invited plenary speaker: Viruses, vaccines and CTL. Australian 
Virology Group, Fraser Island, Qld. 

Invited speaker: Health, nonsense and money. The Australian 
Skeptics National Conference, Brisbane. 

Invited speaker: Anti-cancer vaccine and drug strategies. Peter 
MacCallum Cancer Institute, Melbourne. 

Invited speaker: Anti-cancer vaccine strategies. Hanson 
Symposium. Adelaide. 

Invited speaker and session organiser: " General practioner 
based survey of Ross River virus induced epidemic polyarthritis " 
8th Arbovirus Research in Australia Conference, Couran Cove 
Resort, Stradbroke Island, Qld., 3-7th July 2000. (Session on 
Ross River virus and clinical disease). 

Invited speaker: "Ross River virus" The Australasian Society for 
infectious diseases & The Australasian College of Tropical 
Medicine Annual Scientific Meeting. Cairns. 

Invited speaker: "HIV polytope vaccines" CTTAC/ANCARD 
Australian prophylactic HW-vaccine research workshop. Sydney. 

Invited speaker: "EBV and polytope vaccines" and "Polytope 
vaccines for melanoma". Invited chair: Immune responses to 
viral infections. Australian Society for Immunology, Melbourne. 

Invited speaker: The immunopathogenisis of Ross River virus 
disease. Australian Society for Microbiology Scientific Meeting, 
Adelaide. 
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May, 1997 Invited speaker. The immunopathogenisis of epidemic 

polyarthritis. Australian Rheumatology Association 40th annual 
scientific conference. Brisbane, Qld. 

November, 1996 Invited chair. Flaviviruses. Arbovirus Research in Australia, 7th 
Symposium. Gold Coast, Qld. 

November, 1996 Invited chair. Advances in Vaccine Technology. ASMR 35th 
Nat. Sci. Conf.. Gold Coast, Qld. 

June, 1996 Invited speaker: Developments in Clinical aspects of Ross River 

virus and vaccine prevention. Sunshine Coast Regional Health 
Authority. Redcliffe Hospital, Brisbane. 

April, 1 996 Invited speaker. Immunopathology of epidemic polyarthritis. 

The Australian Society for Microbiology. Serology/Virology 
special interest group. Qld. Health, Brisbane. 

September, 1995 Invited speaker: Implementation of an EBV vaccine trial. 

Australian Tropical Health & Nutrition Conference. Brisbane, 
Australia. 

March, 1 995 Invited speaker . Vaccine strategies for the induction of CD8+ 

cytotoxic T cells, pill. Vaccines 95, Lome, Vic, Australia. 

September 1992. Invited speaker Peptide epitope induced apoptosis of human 
cytotoxic T lymphocytes. Cell and Molecular Biology of 
Apoptosis. QIMR. 



UNDERGRADUATE TEACHING 

June 2000 "The PhD Experience". Brisbane Postgraduate Medical Research 
Student Conference 2000. . Brisbane Convention Centre, Brisbane, 
Qld... 

Oct 1999 "Advances in antiviral strategies". 3rd year Immunol/Micro. Uni. 
Adelaide. 

Oct 1999 "Bioterrorism debate". Q fever conference. QIMR.. 
1996 & 1997 Dept Microbiol. Uni. Qld. Advanced Immunology MY 352 and 
Immunology BL201. (Total 8 lectures per annum). 

POSTGRADUATE TEACHING (not including regular QIMR, CRC and EBV unit 

seminars). 

Invited speaker "Vaccines for rich and poor" In Challenges of Tropical Public Health, 
series. ACITHN for masters/diploma students. April 2000. 
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Invited speaker: "Dancing with T cells". Postgraduate seminar series. Uni. Adelaide. 
11th Oct 1999. 

Invited speaker. "CTL Immunotherapy". Postgraduate seminar series. Austin Repat. 

Hosp. Heidelburg. 21st July 1999. 
Invited reviewer: Immunology projects workshop. Uni. Dept. Med., QE II Med. 

School, Perth,. Aug. 1998. 
Invited reviewer: RRV projects workshop. UQ Dept. Med., Townsville, Mar. 1997. 
Faculty member: ASI postgraduate teaching course in immunology. Gold Coast. Dec 

1995. 

Invited speaker: "Delivery of determinants". CRC for Vaccine Technology and the 

Immunology Group of Victoria 1 995 seminar series. WEHI, 

Melbourne. June 1995. 
Invited speaker: "Antigen processing and presentation". CRC for Vaccine Technology 

seminar series, Brisbane, Qld. May 1995. 
Invited speaker: "Role of CD8+ cytotoxic T cells in transplantation". Transplantation 

Society of Australia and New Zealand postgraduate course, Brisbane. 

March 1995. 

Invited speaker and faculty member (Paid): "Cytotoxic T cell vaccines". Australian 

Society for immunology/FIMSA/AMRAD. Advanced training course 
in Immunology. Twin Waters, Maroochydore. Qld. Australia. 
October 1994 . 

Student supervision; 

Principal supervisor; 

- Grant Darnell, PhD. PAI-2 intracellular function. 2001- 

- Itaru Anraku, PhD. Kunjin replicon vaccine vectors. 2001- 

- T. Woodberry. PhD. Development of an mucosal polytope vaccine for HIV. 1998- 

2002 

-L Mateo. MMedSci. Role of CTL in retroviral infections. 1998-2000. 

- Dr May La Linn. PhD. Immunopathogenesis of Ross River virus induced epidemic 

polyarthritis. 1995-1999. 
-Scot Thomson. Processing of T cell epitopes. Part time, 1993-1997. 

Associate supervisor, PhD; . . 

- Andrew Hislop. Mechanisms of immunity &development of vaccines against retroviral 

induced disease. Full Time. 1997-1999. 

COMMITTEES 

Peplin Biotech Ltd; 

2000 - present Medical Advisory Panel 

NH+MRC; . ^ 

2000/02 Invited attendant JDFI-NHMRC meeting on Type I diabetes 

vaccines. 
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QIMR Committees; 

1 999 - present QMR intellectual property committee. 

1 994 - present QIMR higher degrees committee. 

Co-operative Research Centre for Vaccine Technology/CSL Ltd.; 

1994-1999. Program Leader of "Induction of cytotoxic T cells program. 

1994-1996 Scientific Advisory, and Research & Development Advisory 

Committees. 

1999-2001 Key scientist's committee. 



EBV vaccine project management team. 
Project management leader. ISCOM polytope. 

Project management leader. Targeting particulate immunogens. 

GRANT REVIEWING 

-NH+MRC since 1995. 

- Qld/NSW/VIC cancer funds since 1997. On QCF review committee 1998. 

- Princess Alexandra Hospital Foundation, 1999- 

Mff.niA ACTIVITY 



1997- 2001 

1998- 2001 

2001 -present 



23rd Aug 2002 CRC-VT Science in the Pub panel member "Science of 

Medicine: Truth Bollocks and Quackery" Brisbane, Qld. ABC 
radio interview promo. 



1 st June 2002 ABC Science in the Pub panel member "Could we immunise 

against AIDS, cocaine or chocolate?"Mount Isa, Qld. 

12th May 2001 National Science week. ABC radio panel on vaccination. Talk 
on complementary medicines and on discussion panel on 
"Science one step ahead of disease?" 

12th May 2001 New Scientist. "Out of the Blue", p. 6. Article about the newly 
discovered arbovirus of seals. Was followed by radio interviews 
on local ABC radio, Triple J, Radio Newcastle, Radio Adelaide, 
The Drive Show etc 

29th Jan 2001 Normal Swan, Radio National Health Report, interview on 

licensing of the Polytope patent to Bavarian Nordic GmbH for 
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the development of an HIV vaccine. Richard Aedy section on 
vaccines. 

July 1999. Article in Australasian Science, pp 25-27. New Approaches to 

HIV Vaccines. A Suhrbier & T Woodberry. 

28th April 1998 ABC Science in the Pub panel member "Can we live to 150?" 

http://newt.phys.unsw.edu.au/~mgb/SciPub/scipubl7.html 

Went to air Feb 2000. 

7th Oct 1998 Normal Swan, Health Report, interview on BLV vaccine 

published in Nature Medicine. 

http://abc.net.aU/rn/talks/8.30/helthrpt/stories/sl 322 1 .htm 

Mar 1 996. ABC Qantum program on the glandular fever vaccine. 

http://abc.net.au/quantum/info/q96-30-3.htm 

MOLECULAR V ACCINOLOGY LABORATOR Y AWARDS AND PRIZES 

March, 2002 -Grant Darnell. Trainee travel awards to attend the 3rd International 

Serpin Meeting, Chicago, June.2002. 
-QCF travel award. 

June, 200 1 T Woodberry, Keystone scholarship. Prime boost strategies to 

enhance CTL responses depends on focus not avidity. T Woodberry, 
J Gardner, SL Elliott, A Suhrbier. Keystone, AIDS vaccines in the 
new millennium symposium, 2001, USA. 

Dec, 2000 T Woodberry, QIMR Postgraduate student seminar prize and 

ACITHN best 1 999 student publication award. 

June, 2000 T Woodberry, Queensland delegate to Queens Trust Young Leaders 

Forum 2000. 

June 1999 T Woodberry, ASI Travel Bursary Award. 

July 1 999 May La Linn, ACITHN best student research publication award; 2nd 

place. 

Oct 1998. RBH Health Care Symposium, 2 1-27 Oct. RBH Brisbane. M. 

Bharadwaj. 2nd; research presentation award, Medical & 
Clinical category. "Phase I human clinical trial of an EBV 
vaccine. 

Nov/ Dec 1998. ASI 1998 conference poster prize; Woodberry T, Gardner J, 
Mateo L, Eisen D, Ramshaw IA, Ffrench RA, Elliott SL, 
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Suhrbier A. "Polytope Vaccine Strategy for the co-delivery of 
multiple HIV CD8+ cytotoxic T cell epitopes." Annual meeting 
of the Australian Society for Immunology, Melbourne. 

1 993 ScienceNOW! fresh science selection winner 

(http://www.byc.com.au/sciencenow/) PhD student T Woodberry 
(http://www.byc.com.au/snmedia/tonia.htm). "New vaccine 
concept applied to HIV vaccine" presentation, Melbourne. 

Beckman Science Award, A. Suhrbier. (Based on publication 
record of junior QIMR researchers). 



EDUCATION 

1982-1985. PhD received 31.1.86. 

Title; The conservation and formation of desmosomes. 
PhD Supervisor; Dr. D.R. Garrod. 

CRC Medical Oncology Unit, Southampton General Hospital, 
Southampton, Hants. 

1978-1982 BA (MA, honorary £5) Biochemistry, 2nd class honors. 
New College, Oxford. (Open Scholar). 

LANGUAGES SPOKEN English and German. 
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PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Application of: 
Suhrbier, et al. 

Serial No.: 09/576,101 

Filed: May, 22 2000 

For: POLYEPITOPE VACCINES 



Group Art Unit: 1644 

Examiner: Huynh, P. N. 

Atty. Dkt. No.: FBRC:004/TMB 



DECLARATION OF ANDREAS SUHRBIER 



EXHIBIT AS2: Amended claims 
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& ^MENDED CIAIMS OF USSN 09/576.101 

-*&»Q8^ 4 a polynuc ieotide comprising a nucleic acid sequence encoding a plurality of cytotoxic T 
lymphocyte (CTL) epitopes wherein each CTL epitope is substantially free of peptide 
sequences naturally found to flank that CTL epitope and wherein at least two of the 
plurality of CTL epitopes are contiguous or spaced apart by an intervening sequence that 
does not comprise a methionine. 

15. The polynucleotide of claim 14, wherein the CTL epitopes are contiguous. 

16. The polynucleotide of claim 14, wherein said polynucleotide encodes at least three CTL 
epitopes. 

17. The polynucleotide of claim 14, wherein said polynucleotide encodes four CTL epitopes. 

1 8. The polynucleotide of claim 14, wherein said polynucleotide encodes nine CTL epitopes. 

19. The polynucleotide of claim 14, wherein said polynucleotide encodes ten CTL epitopes. 

20. A vector comprising the polynucleotide of claim 14. 

21. The vector of claim 20, wherein said vector is selected from the group consisting of a 
viral vector and a virus-like particle (VLP). 

22. The vector of claim 2 1 , wherein said viral vector is a vaccinia vector. 

23. The vector of claim 2 1 , wherein said viral vector is an avipox virus vector. 

24. The vector of claim 2 1 , wherein said vector is a VLP. 

25. The polynucleotide of claim 14, wherein at least one of said CTL epitopes is derived 
from a pathogen. 

26 The polynucleotide of claim 14, wherein said polynucleotide comprises a nucleic acid 
sequence encoding CTL epitopes derived from a plurality of pathogens. 

27 The polynucleotide of claim 25, wherein said pathogen is selected from the group 
consisting of Epstein Barr Virus, Influenza Virus, Cytomegalovirus, Adenovirus and 
HIV. 

28. The polynucleotide of claim 14, wherein at least one of said epitopes is derived from a 
tumor protein. 

29. The polynucleotide of claim 14, further comprising a nucleic acid sequence encoding a T 
helper cell epitope, a B cell epitope, or a toxin. 

30. The polynucleotide of claim 14, further comprising a nucleic acid sequence encoding a T 
helper cell epitope. 
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31. The polynucleotide of claim 14, further comprising a nucleic acid sequence encoding a B 
cell epitope. 

32. The polynucleotide of claim 14, further comprising a nucleic acid sequence encoding a 
toxin. 

33. A nucleic acid vaccine comprising a polynucleotide comprising: 

(i) a nucleic acid sequence encoding a plurality of cytotoxic T lymphocyte (CTL) 
epitopes wherein each CTL epitope is substantially free of peptide sequences 
naturally found to flank that CTL epitope and wherein at least two of the plurality 
of CTL epitopes are contiguous or spaced apart by an intervening sequence that 
does not comprise a methionine; and 

(ii) an acceptable carrier. 

34. The nucleic acid vaccine of claim 33 wherein the CTL epitopes are contiguous 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Application of: 
Suhrbier, et al. 

Serial No.: 09/576,101 

Filed: May, 22 2000 

For: POLYEPITOPE VACCINES 



Group Art Unit: 1644 

Examiner: Huynh, P. N. 

Arty. Dkt. No.: FBRC:004/TMB 



DECLARATION OF ANDREAS SUHRBIER 



EXHIBIT AS6: 

Rammensee et al, Ann. Rev Immunol. 11, 213-244, 1993 



25226358.1 



PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Application of: 
Suhrbier, et al. 

Serial No.: 09/576,101 

Filed: May, 22 2000 

For: POLYEPITOPE VACCINES 



Group Art Unit: 1644 

Examiner: Huynh, P. N. 

Atty. Dkt. No.: FBRC:004/TMB 



DECLARATION OF ANDREAS SUHRBIER 



EXHIBIT AS4: 

U.S. Patent No 5,932,218 (Berzofsky et al.) 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Application of: 
Suhrbier, et al. 

Serial No.: 09/576,101 

Filed: May, 22 2000 

For: POLYEPITOPE VACCINES 



Group Art Unit: 1644 

Examiner: Huynh,P.N. 

Atty. Dkt. No.: FBRC:004/TMB 



DECLARATION OF ANDREAS SUHRBIER 



EXHIBIT AS3: 
U.S. Patent No 5,700,635 (McMichael et al.) 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Application of: 
Suhrbier, et al. 

Serial No.: 09/576,101 

Filed: May, 22 2000 

For: POLYEPITOPE VACCINES 



Group Art Unit: 1644 

Examiner: Huynh, P.N. 

Atty. Dkt. No.: FBRC:004/TMB 



DECLARATION OF ANDREAS SUHRBIER 



EXHIBIT AS5: 
U.S. Patent No 6,294,322 (Berzofsky et al.) 
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IN THE UNTIED STATES PATENT AND TRADEMARK OFFICE 



In re Application of: 
Suhrbier, et al. 

Serial No.: 09/576,101 

Filed: May, 22 2000 

For: POLYEPITOPE VACCINES 



Group Art Unit: 1644 
Examiner: Huynh,P N. 
Atty.Dkt.No.. FBRC:004/TMB 



DECLARATION OF ANDREAS SUHRBIER 



EXHIBIT AS7: 
Townsend et al, Cell 44. 959-968, 1986 
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The Epitopes of Influenza Nucleoprotein 
Recognized by Cytotoxic T Lymphocytes 
Can Be Defined with Short Synthetic Peptides 



A. R- M. "townaend; J. Hothbafd.t R «. Crotch/ 
G. Bahadur,* D. Width,* and A. J. McMlchael- 

" Nuffield Department of Clinical Medina 

John RadtRffa Hospital 

Heejdlngton 

Oxford 0X3 60U. England 

"•"Imperial Cancer Research Fund 

LincoWs Inn Fields 

London WC2. England 

'National Institute for Medical Research 

The FWdgeway, Mill Hill 

London NW7 1AA. Engtend 



Summary 

A proportion of cytotoxic T lymphocyte* (CM) re- 
sponding to infection by Influenza recognize target 
cells that express the viral nueleeprotefn. Recent work 
shewed thai CTL ean recognise abort overtopping 
regions of large nucleoprotein fragments expressed 
In transfeeted L cells. Thfa tod to the suggestion that 
CTL recognize eogmentsl epitopes of denatured or 
degraded proteins In a similar way to helper 7 cells. 
One corollary of this J (tea Is that CTL should recognize 
appropriate short peptides on the target cell surface* 
We demonstrate {hat the epitopes of nucleoprotein 
recognized by CTL in association with class I mole- 
cules of the mafor histocompatibility complex In both 
mouse end man can be defined with short synthetic 
peptides derived from the nucleeprotein sequence. 

Introduction 

Mice and humans retaliate with a vigorous cytotoxic T lym- 
phocyte response to infection by influenza A viruses 
(reviewed by Astanas et ej„ 19B2; Tcwnssnd and Mc- 
Michael, 1985). Cytotoxic T lymphocytes (CTL) Gener- 
ally express the Lyt2 positive (COS in lha human) surface 
phsrtotype and recognize end till infected target cells that 
share class I molecules of the major histocompatibility 
complex (MHC) with the host In which the CTL developed 
(reviewed by Swain and Dudon, 19B0; Pfaiynas et al. r 
1933; Blanden et ai.. 1975; ZinkemageJ and Doherty, 
1979), CTL may play an important rote In limiting the 
spread of virus in irfve (reviewed by McMichaet et el., 
19S3). 

Liitle (6 known about His nature of the viral epitopec reo- 
agnized by CTL on the surface or an FnfegiBd target ce«. 
Recently a major population of CTL from Influenza In- 
fected mice have been shown to recognise murine L cells 
(a iJbrcblgst line) that express the viral nucleoprotein (NP) 
In isolation alter ONA mediated gene transfer (T&wnsend 
at ot. ( 1984a). Recombinant vafidnlfl engineered to ex- 
P^ss miUienzB NP also has been used to demeiuwaft 
human (McMlchaeletai., lSBBjand mgrtnefrawdelletaL, 
laflS) ctl that recognize the NP molecule. Recent evi- 



asnce has shown that other nonelyeosylated proteins of 
the virus can also be responsible tor Inducing cytotoxic T 
cells (Yewdell. personal communication). 

These flnoings raised the question of how viral comae* 
nants that are not transmembrane proteins and do not 
nave recognizable arrtino-termina] leader sequences are 
transported to the plasma membrane of the target cell, 
where CTL recognition \s assumed to occur, lb investigate 
this, L cells ware transacted with a series of delation mu* 
tante of the Influenza NP gene in an attempt to identify se- 
quences required either as epitopes recognized by CTL 
or as signals for membrane transport (Town send at ai. f 
1985). 

epitopes were localised by comparing L calls express- 
ing largo fragments of NP that overlapped over short 
regions- |n this way two regions of sequence recognized 
by CTL were identified In a continuous segment of 59 
amino adoe between residues 32fl and 3H6 of the mole- 
cule. No leader-lika sequence could be located because 
nonoverlapplng emlno4erminal and carbaxy4©rminsJ frag- 
ments of NP were recognized 'equally well by appro- 
priate CTV This Implied that the two ends of the molecule 
could be transported In The plasma membrane fnoepen- 
dently of eaoh otner. In addition, although ail of the frag- 
ments of NP expressed In irsnsfocted ceils could be rec- 
ognized by cpBcjflc CTL, soma- were no longer detected 
wim antibodies thai bound the complete raided molecule. 

One possible explanation for these results is thai non- 
membrane viral proteins are degraded in the Cytoplasm of 
the infected eelt> producing short denatured peptides that 
are exported from the cell by some unknown mechanism. 
Such degraded viral proteins may then become available 
for recognition by CTL In association with class I MHC 
molecules In a way similar to that in which helper T cells 
recognize denatured or degraded proteins with class If 
molecules (reviewed by Grey and Chesnirl, 198$; Unanue 
et al.. 1994). 

Ona of the main predictions of this proposal is that CTL 
should be able to recognise appropriate short synthetic 
peptides corresponding to linear regions of the NP se- 
quence when they are added In vitro to the target cell sur- 
face. We describe experiments that define the epitopes of 
Influenza nucleoprotein recognized by class I restricted 
CTL from both man and mouse using short synthetic pep- 
tides. Beth the minimum length and the concentration re- 
quired are Similar to those required for recognition of pro- 
tein antigens by dees II restricted helper T calls. Tha 
results are consistent with the view ihal air somatic cells 
bearing dees I. molecules may be capable of degrading 
and presenting nowfy synthesized viral proteins to CTU 

Results 

Murine and human CTL were tasted for their ability to lyso 
"CMabeted target cells exposed to a variety of peptides 
derived from the nucleoprotein sequence (see Tables i 
and a). Cloned murine Ctl ejso were tested for their 
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proliferative responses to peptides in the presence of 
feeder cgllK and T cell growth fad0f3. Tne ffl Cr release 
experiments described below were performed either by 
incubating CTL end tergal celts (n medium containing dis- 
solved peptide (method 1), or by praincubating the target 
calls in a high concwivaiion of papflda and then washing 
them extansivety before exposure to CTL (method 2; flee 
Experimental Procedures for details). 

Recognition ol Nucteoprotein Peptides by Murine CTL 

Two ctonea of Influenza A apetifte CTL were investigated 
for their ability to recognize peptides. Both were derived 
from CS7BL mice (H-2D) and recognized their target antr- 
gens in association with the class I MHC molecule D*_ 

CyfataKfo T Cell Clone F6 

This cloned celt line has bean described previously (Tbwn- 
eehd at a)., I9fi4a). F5 expressed the Uyt2 positive, L3T4 
negative* Thyi positive phenOlype by indirect immuno- 
fluorescence with antibodies 53-67, GK 1^ and 97-13 
reepectively (data no* shown). It has been shown to be 
specific for the 1968 nucleoprotein, and the epitope recog- 
nized has been localized to a region of the molecule be- 
tween amino acids aaa and 3BB (Toivnsend at al„ 1965). 

Table 1 shows the relevant sequence of the molecule* 
There are five amino aold dif fereneea In the sequences of 
ihenucleoproteins from viruses Isolated m 1934 and 1963. 
As clone FS could distinguish between these two proteins, 
one or more of the amino adds thai differ were thought 
likely Id farm part d tha epitope recognized. The Asn-to- 
His change at position 334 was shown not to play a role 
because a further deletion mutant of UP that tacked emlno 
acids 25S-339 was nacognlzed efficiently by cfono F5 
(data not shown). Peptides covering the remaining se- 
quence were then tested for their ability to sensitize target 
cells h the Gl Cr release assay* and to stimulate prolifera- 
tion Of the CTL done rn the presence of 1L-2- 

Fcgura 1 shows the results in the 61 Cr release assay. 
The three panels at the upper left demonstrate the speci- 
ficity of clone F5 for tha 196B Influenza nucleoprotaln; me 
remaining panel? show the level of lysis of ihe target 
ceV In the presence of the indicated peptides. The results 
showed mat recognition by CTL done F5 could be nar- 
rowed down la a 16 amino acid segment represented by 
peptide 3&S-S80 derived from the 1969 sequence, 

The upper half of Figure 2 shows that recognition of 
peptide 365-380 (19Q0> oy clone F5 was ctaas I MHC re- 
stricted. The tower rtarf of Figure 2 dflrnonBtratos the effect 
of titrating out the corteemrallon of pepctto 365-550 (1968) 
white maintaining a constant ratio or CTL dons to target 
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Figure 1, Racaflnltior by cn_ Gloria F£ [P 6 HBstrlct&d} of \J& Target 
Celts In (no Pfetienco o* R»ptldoa C«rrOepondtng to Ropons offlia NP 
Aminb Add sequence 

At (ho tap left bib ihg thro ccma*r. UP* 0- cells tfanstaetf Mm (he 
alosa I MHC fluta 0°)ln tho nbsnflCA of papllife. NFn [L cbBe cc&zrta. 
(«Ctod wllh D b and Un 1MB gone far NP), and UD D inrBOaft wnh X31 
virua. which expiBHsea tr>a iWi oene for NP. The nmairmg panels 
enow the recogrtflon ucP e«ile m in« p*w^iW tha tntf colod 
at fi lirtSJ concfiAlreGoh Of 36 ua/rm The c 'Cr 

ttldAfia assay whb pertonnBd by testing CTL al a variary of kntentarQflt 
(KT) rorlos as tfasc^bad In &cpanman4f PwwSjree, meihod 1. 



cells of 2:1. The optimum level of lysis was achieved with 
a concentration of thfe preparation of peptide In the assay 
of between 5 w ICT* and 10 x 10 - * moles par (her. 

Clone FB bJsq was Induced to proliferate! in the pres- 
ence «f IL-2 containing medhim and uninfected feeder 
cells, by peptide 965-380 (19GB). Table Z snows that this 
peptide Induced maximal proliferation whereas pappose 
345-360 and 36e>4fi2 (196fl) had nn effect The result ?s 
noteworthy because the optihiurn concentration of pep- 
tide 36&-3B0 (1S63) required to induce proliferation by 
clone PS was the eame aa that which induced the pla- 
teau level of cytotoxic activity m the s1 Cr relaasa aG&oy 
(Figure ^ , 

In control etcperifnenta cfone F5 was tested either by 
51 Cr release or by thymidine incorporation with a variety 
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Figure 2. Rsoognitfen of Fopiltfs la MHC Poatrfcfed and CanceWB' 
fan □flpenaene 

(Tap) Rasognitton by CTL dona FS of popUde 3&5-3B0 (T9$3) to cJ&as 
I MHC teetricfod. Raoognfttofi of L oaHs (/errafocttd wttfi rhu q!dsb I 
gfifls D* b jFumot 81 thfl left. rae&anMort ftf untmBfeetad L c*tl$ ai ih» 
right. Thnjol eona «mrs (a) infected with E8V*-W7 Virus, Wnion *f- 
prassfts me 1S8B NP gene: [bj uninfected: (d resuspsndad in peptide 
365-300 riQSS) AC 20 ng/ml (11.6 |lM)j and (a) MHwpandod In peptfdft 
363^382 (ISBfl) fll 20 MS/ml £12.3 uMJ. 

(Bottom^ Ro cognition by CTl dor* ^5 rri unb M |ti lp lha prttOOneo of 
oacrHBEipg concentrations of peplkJs 385-380 (1966). "Tha fll Cr rs- 
te&ae assays won> dorts uwnd molhod 1 and a kill an target ratio oi 2:1. 



of other peptides derived from the IMP sequence, but with- 
out any effect (mess negative results are summarized In 
Table 3). 

The Optimum Length of Peptide 
Recognized fay Cfona fs 

in Figures 1 and 2 we have shown thai clone F5 recog- 
nized the 10 amino acid peptide representing me se- 
quent* between residues 3&5 and 9B0 01 (ha 1966 nuclao- 
oroteJft. In tetar experiment we Investigated the effect of 
reducing the length ot ihte peptide. 

A aeries was made of new peptides of decreasing 
lengths (during one synthesis], covering the sequences 
335*370, 36B-37B, 357-375, 358-379, and S69-37a 
Theae peptides were then compared over a wide range of 
concentrations in the 61 Cr release assay for their abnity to 
induce fysis of L/C* and EL4 (H-Sb) target cells by dene 
FS. Tne. experiments were performed using method 1 with 
the peptides present throughout the assay. The results 
with EL4 target celts ere shown In Figure a. On the y-exfe 
is shown the level of lysie induced and on the *-axls the 
molar concentrations rrf the various peptides used. Tho 
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L/ty> target cells gave very similar dose-response curves 
(data not shewn). 

The most efficient peptide was (labeled a In 

Figure 3). The concentration of this peptide required to In- 
duce 20<ft lysia of the target cells was S£5 x IF* males 
per liter, The negative control was 365-380 (1934 se- 
quence], which had no detectable el red up to 2_fli x 
icr* moles per liter (G in Figure 3), An approximately 10- 
fotd greater concentration of iho long? 51 peptide Qf IhO set, 

365- 379, was required to induce the same level of lysis aa 

366- 379 (B In Figure a). The remaining three peptides or 
the set, 367-379 (C), 368-379 <D), and 350-479 (E>, 
demonstrated a requirement Cor an approximately 10-fold 
increase in peptide con&eniraiion for each reduction in 
length oy one amino acid to achieve 20<tf> target eel) fysis. 
According to this criterion peptide ae&-37a was at fes^t 
10*-foW lotc efffcteht than 269-378 at inducing lysis of 
EL4 target cells by clone F5 (compare curves A and E in 
P&ure 3). 

The act of peptides covering the sequence 395-379 
was made during one synthesis on an Applied Blo&ystems 
peptide synthesizer. Consequently, each of the products 
was similar In purity, as assessed by HP LC (approximately 
data not shown). The relationships between the 
dose-respQfTsa curves Tor each peptide shown In Figure 
3 therefore can be regarded as accurate. The relatively 
high concentration of peptide 355-380 (1966) required for 
lyflifl [Figure E) end proliferation (Table 2) is relolcd to the 
fad that thle preparation was msde separately, using a 
manual technique, and was correspondingly less pure. 

Finally, although 36fii37fl had a specific effect et con- 
centratJona up to S.18 k 10~« moles par liter (E in Figure 
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a These peptides were BynihartSAd manually. 
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3), the overlapping peptide 96$-$e2 had only a barely 
detactabld effect fF in Figure 3). Tha latter peptide was 
made In a different synthesis but was. similar In purity to 
3S9-37& 

CTL Crones as.i, B4, and QB 

These threa CTL donas ward derived from CS7BL (H-£b) 
mice primed and restirmilatecl with the recombinant A vi- 
rus xai , wnteh contains the N P sane from a 1994 virus Iso- 
late (Baez et a!-. 1960). A&1 has baen described previ- 
ously (Townaand end Skahal, 1982; Townaand si al_, 
198^ h also expressed tneLyt2,Thy1 phenotypa andhpuj 
the axocc reciprocal apegtficny Id dona F6" described 
above. A3-1 recognized all A viruses isolated between 
1934 and 1943 but not viruses Isolated between 1046 
end 1979. ana experiments with recombinant A viruses 
showed it to be specific For the 1934 influenza NP (Town- 
send et al. 1&64b)_ Clones B4 and Ba, derived in a sepa- 
rate cloning experiment from £3-1. have bwn shown to 
have the same specificity (Wraith, unpublished results). 

Itie reciprocal relationship of [he spectflcttfes of donee 
F5 and AA1 lor natural virus Isolates led us to test the 
365-300 peptide dorfvad from Ihe 1934 NP 8equance(aae 
TaWe 1) far recognition by clones A3L1, B4, and B8- Tire 
results 1or A&1 In tne ai cr release assay aro shown Tn 

FiflUf© 4. A3.1 recognized 365-aSO (1934) but not 365- 
380 (1SGB)- In addition A3.1 p rotifers tad In rraporwa to 
a6S-QB0 0934) bur not to 305-300 (1960) (data not 
shown), Clones 04 and Bfl gave the same pattern of activ- 



ity as clone A3.1_ Alt of these clones were shown to be re- 
stricted through D b for recognition of paptfda 365-300 
(1934) (data not shown). 

The Effect of Prelncu bating the Target Cell or 
the Effector CaH wfih Peptide Antigens 

All of (he results described above were from experiments 
using rnaifiod i. where the peptide. Is present in solution 
m contact wittr both CTL and target cella throuflnout the 
€ hr period of the ^Cr release aaaay. 

In PIgurs 5 the effect of prslncuballng the target cell ^ 
compared with the effect of prerncubatlng done F5 with 
peptide 36^360 f|906). Target celts treated In this way 
were recognized as efficiently as when peptide was pres- 
ent throughout (he assay. Figure 5A also shows thai CTL 
reeoonWfin of target cell* prepulsfrd with pftpcido was 
MHC roatrictsdj ea untransfBcted L cells, which do not ex- 
press D b r were not recognized after prior exposure to the 
peptide. 

Figure 58 damonstraies that pulsing ma CTL clone with 
peptide 385-380 had no effect Clone F5 waa not able to 
recognize untreated target cells after prior contact 
with peptida Neither did pretreatmg the CTL done with 
poptidD have any effect on the recognition of Infected. NP 
transected (data not ehawn], or peptide pulsed target 
cells. 

The CTL clone, which efcpresafts the p* molecule, was 
examined for the ability to iyse Itsetl whan the 365-3B0 
(196Q) peptide waa present throughout the s1 Cr reteasa 
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Figure 1 Recognition Of EU (M*£bJ To/gat Cdln in the Pmoneo of 
Poorauing CotUtfnirttUorw of Peptide? 

A; 388-379 fl968>. 6: 365-570 (lWB). C: (1988). D: 3fia-ffTB 

CfOefl). B 369-379 (l96fi). Fi 360-382 (1KB|, Q; 355-380 (1934). TUB 

*Cr reloaBB assayed utfng matnod t describe In Exparlmoo 
Ui PfOfifidLn^i, Tim final corrasntmllonsof papUdoo prasern OurftQ Ifie 
assay ere stowm. 




Rguiu4. Recognition by CTL Clone A11 at Peptide S85-aS0 P9$4) 
Tr® BxserlmDTTl was est [«> as described lor Figure 1 with Iho peptides 
61 a final amoantretlwt of 35 |i£fml (i&B-n£l.fl pM). ThA Controls wore 

npi (l cow f»vanB»ot$d wftn Q° end t9Bb np) qnd UO* Infected 

with X51 (whrch exprassos ibo TftU NP}. The CTL demo was used 04 
a Uhonurgu ntflo of 




RgurB a Eftecta of PrancubBttag Targe* Celta or CTL Clans wWi 
Peptide 

lA) tooodflHlon by dona Fa of UP* large) esffe thai nave boar* ox- 
poaad lo 100 nQfn\ (STB »M) of pffptkfa S65-3B0 rfSSB) Dion rex- 
(nnstaTy MHul (B) R^coflnlltan by clone F5 arear ft lias bssn ex- 
poagd to 100 tig/ml CS7j6 uM) of paptida 365-380 Rnd. lh«A wachaa, 
T^rgoi crtim (O) urtttafed UO 6 cosar (•» up* cells aKpaeetf to pal- 
lida 3S5-3S&(1SBfl) tfiao wasMd iftur times; (D) unlrealed L cd|u: (■) 
L cad* exposod Id peptide 365-380 (1806) (hen wasted four UmBSL 



assay. Fs waa labeled with "Cr and incu&at&d for 6 hr In 
medium comalnlng peptide 3B5-390 (1306] at between 5 
ug/rnl and 100 jig/mi (2.9-S7.B pM). NoselMysls occurred 
(data not shown)- Taton With th e tact that clone F5 prolifer- 
ates more efficiently when stimulated with the Optimum 
concentration of peptide than when stimulated witfi virus 
Infected feeder cells (Tabia fl), it is apparent thai the CTL 
ctone must have a means of avoiding autolysis. 

Identification of NucJeoprtteln Peptides 
Recognized by Human CTL 

A proportion of humans primed by natural influenza in- 
fection can generate CTL In vitro That recognize the viral 
MP (McMichaal at at,, 10865. Polygonal Influenza A v|njs 
specific CTL prepared from bided donor MG were found 
10 inniucfs a major component that was specific fey NP. 
These wore then tested on the peptides from Np presently 
available [summarized in Table 3). 

Figure 6 shows the effect of incubating CTL wftfi 
syngeneic target ceils in the presence of each peptide 
during the 6 hr^Cr release assay. The a 'Cr-lanel©d tar- 
get calls were Jysed ih the .presence of peptide 335-349 
[1834) as efficiently as aftsr Influania A virus inFeclion. A 



lower level of target cell lysis was Induced by peptides 
057-370 and 410-425 ft93d). It l& Impertahl to note that 
MG CTL did not recognize peptides 365-380 from 1934 
or 196a 

We have since found that MG CTL which recognize 
335-349 (1934) crcfla-tpact on the homologous peptide 
from the 1966 sequence that differs by a Lys-to-Arg 
change at position 346 (Table 1). Thte specificity repre- 
sents the oharactarl&tlc crass-reacUvity displayed by the 
majaitty of influenza specific CTL in man (data not ehown). 

Subsequent aicperlmenQ showed thai optimum condi- 
tions for detecting recognition of peptides by MG CTL in 
the B1 Cr rete&aa assay could be obtained by preJncuBa> 
Ins labeled target oefts wfm paptlde (method 2 In Ex- 
peri menial Procedural). The remaining experiments were 
done in this way. 

Human CTL Specfffc far Peptide 335-349 
Are roe* | mhc Restricted 

To Identify the HLA molBgufes that restneted the recogni- 
tion of peptide 335-349 (1934) by MG CTL a series of tar- 
get Cells from dMtardm blood donors wac prepared. The 
rssurta are shown In Figure 7. MG CTL recognized in- 
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Kgur»a ScraaniftQ of NudBopiutflm PsptMS In tf» "Cr Rfll*w> 
A£*ay whh iRkuensB A Vims Spoc'^ PDiytfanaJ Human CTL from Do- 

Al Urn tOO the psflUaesliared InTable 3 era rah*nKlt*<V *p^ntotf. 

each PBrtl* « a r*tal rancentrafiop «ff 4fl iiflftnl pft-CT tiMJIntham- 
m ^antral U«jat «tte WW* M ^teflted with *3i virw .nd<p} 
****** in tho ebflflnco «f P^tria. Tho *Or 
famed uann n*mco i and a dl-taw** nflk, el fe™^f- 
memai Frmdormg. Ttre larO" c*Ua were Byname PHA aetlrotetl 



nuerrza A Vims infected cells that shared HLAAi, B37, or 
Pia. Infected target cells that shared HLA A30 or class II 
molecules (homozygous OK7) were not recognized. Tar- 
get catls treated wilh peptide 336-349 (1634) weft recog- 
nised only when Chey shared the class I allele HLA B37 
with MG. This showed mat peptide 33S-343 (163*) was 
recognized by MG CTL only In association wtth one of his 
tour available allelic class I rjena products, whereas five 
virus Infection resulted In the expression of additional de- 
rarmlnants an the target celt that wsre recognized In as- 
sociation with At and to a leaser extent with B13. The 
same results were obtained when either Epstein Barr vi- 
rus transformed tymphablastold cells or PHA atimglmad 
blast cetis were uead as largeta In the «Cr release assay 
(dam not shown). 

As a final specificity control ^Cr-labeted MG colls 
pretreaied with papUdo 395-349 (1934J wore tested as tar- 
gets tor Influenza A Gpsclfic CTL, from an unrelated donor 
(JJ) who shared only tho HLA C6 class I allele with MG, 
CTL from donor JJ ejao were able w recognlza UP e* 
pressed by rocomblnani vaccinia, <daia not shown). MG 
target cell* prairealed with peptide 335-349 (1934) were 
not recognized by JJ CTL in addition, JJ CTL did not' 
recOflrtfzo peptloe 335-549 (1934) on syngeneic target 
ceiia (data not shown). 

Human CTL Specific lor Peptide 335*349 (1934) 
Are tnWbltad by Monoclonal Antibodies to CDfl 
Lysis of influenza A vlrws Infected or peptide treated target 
cans by MG CTL was measured in the presence oT saturat- 
ing concentrations of a variety of monoclon&t anUbediea 
known to Interfere with T cetl recognition w lyala. Figure 
6 shows that lysis of peptide treated target cells was in- 
hibited by antibodies la HLA B end C antigens, CD6, CD 3. 
and the alpha chain of LFAyi. no inhibition was ©Plained 









D — 

IB 

fll 1 


HA 

/ 


s£ Him 



KIT «*TlQ 



trs.a to MG 



ID 



HP I Ml 



JJIC61 





6 30 

Kit PATIff 

RguroT. necg^Hon oJ Paprfde 33S-34Q by tha Human CTUb Class 
\ hlA Resiriciaa 

TVw e^pflrtrAOmo $fti B^O¥m tupp«r and lo*»# porta of the figuni). MS 
pdy^onal CTL «wre »etod on PKA adWatod lymphfibtol target rate 
prmnid frtfn B«irl*flflr ralamd and unttldlad Infllvldusls. B«UUfl 
Bfewn as peroBnooo ol epedHc lyals ft^tlol « (« WDortaigel edl Pa- 
doa.'&fBsccora: <■) unWwsiaa: (eOlntectadwfth InffuanzaXSi vtma; 
«nd (Ol un1fl*ecttd And pmfnc^tffltad (on hr with peptide 335-*ia« 
100 (ifl/ml (m«hod 2 in Experfmomal PiOCfldures]- Tb* HLA A, 8. end 
DR type* ol VO Bfft Bhown et Bio lop- T>m HU antigens Diol udi ter- 
OAt can ahMBd *tm M3 ora shown m pa wOiaaw in kkIi P** 1 - 

Tho fufl HL^lypa» of eerfi larval ta\i wnte aa WdOUfB- MS: All A30. 
Ell 637. CO, DfTT- MGl A2S, A20, e^*> C5, DRi r OflT. LG: Al, A29. B*4. 
B^C6,OR hM »3l«L EG:A£6, A3ft B44. CSi PR ftftl KrtlPrf. NH: 

5m?C: Aa AW, P62. B37, C3 r Cfl, OR* M*. AZ. An. B3S fiSO. «. 



with antlbodiaa to C04 cr shared determinants ol HLA 
dasa U moleculas. The resells »»itt> virus Inlaaed target 
calls were similar, Those results are typical of class I MHC 
restricted lysis meofared by CDfl (TO) posffivo T ceU& 

Discussion 

Cytotmdc T lymphocytes Rocognttc 

fihort Syrntaotlo Peptides i 

Wa have deacrlbed InOuenza A specific CTL from bom 

man and mouse that can recognize short synthetic pep- 
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Flfliwe & Human CTL Thai Recflgnfze peptide 333^349 Are Inhibited 
by Aniiiotfrea 19 CDS 

MG lnfiuariaapaclrtQ pciycifinil OTLwerB tested on aumlogotfa MG 
P lynoftobJaatotd carts thai had been infected *Wi fnmiftflza A/xai vf- 
0«hl v unlflfoavd but trusted wilrt pgpikfe 335-349 AC 100 u Stall 
fcr 1 rir tngmj. Lyste was i^etDd at a kltlenarget fo*b erf zsn in the tb- 
conce of added anlfaody or fn iho presence of saturating Conecmra- 
Ibna cf ihe antibodies efu^wv. Standard errms vara all loaa than 3%. 
Uninfected MG B lymdhDblaaeeitcl tata thsi were not treated wim pop* 
tide ws tyScd hi £24% by tha CTV. NX: not tfefed. 



tides corresponding to regions of the viral NF sequence. 
Recognition of peptides on Ihe target celt surface was an- 
ligen apecific and triggered ef ficient lysla by CTL (Figures 
1 and 7). ft also Induced resting CTL to become respon- 
se to the growih-prornolinQ efiect of lb£ (Tbble S). 

Tha epitope recognized by murine CTL cfovie F5 was 
studied in detail (Figunaa 3 and 4). Amino add changes 
at positions 372 (Asp to Gfu) and 373 (Ala toThr) abof shad 
leccgrtllinn of peptide 365-380 by clone F5, but created 
a new epitope recognized by clone A&1_ These results 
enow that the region of thta peptide controlling T cell spec- 
ificity must contain the residues at positions 37S, and 373. 

Variation fn the length of the peptide containing res- 
idues 375 and 373 was shown 10 have a profound effect 
on the efficiency with which it could faa recognized by 
otene F5 at the targatcsli eur fees. The optimum sequence 
we have been ahle to define Is the 14 amino acids from 
position 366 to 07P (A In Flflura 3). Variation in length at 
Bither end of this peptide w*» associated with negative 
shifts in the dose-response curve (B-F tn Figure 3). 

Theae experiments wiw class I restricted CTL were per- 
formed using the &Cr release assay, which involves a 
4-6 hr contact between T cell, target eetf, and peptide,Tne 
results are dearly fasted to the wealth of data on clas/B li 
restricted rocoflnJilon or peptides obtained in proliferation 
assay*. The optimum concentrations of peptides that In- 
duce class I restricted lysis and proliferation are In the 
same range as a variety of class 11 restricted raeponaos 
(reviewed by Hacfcett et al., 1993). Effects similar to those 
shown ir» figure a hove been described In Severn) exam- 
ples of class ti restricted recognition of peptides. Th eae fc> 
dude guinea pig T cell recognition of Insulin B chain pap- 
tfoe i-ig (Thomas et ai. a isei). a detaiJea analysis of 
recognition by murine T cell donee epaeffic for peptide 
46-6i of nan egg-white Isozyme (Allan et ah, 1965). 
residues 1i0-iai of sperm whale myoglobin (Lrvfr gaton0 
et al, submitted), and the ammo terminus of murine my- 
elin basic protaln (Zanvll et al.. submitted). 



The discussion of these results has centered around 
ihe possible confbrmaikyi&l and physfcochemlcai re- 
straints on a given Immunogenic peptide required for (t to 
Interact with both the restriction element (olaas I or class 
II MHC motacule) and the T cell reoeplor (De Lis! and Ber- 
zofaKI, 1985; Habor-Kstz q\ at,, 1SB5), The notion oftnese 
Interactions has been sfmpTified by the «ncep| of two spa- 
tially separate regions of immunogenic peptides, one 
maKIng contact with the MHC molecule (the ^aggrelflp^Q 
and the other wfth the T can receptor (the epitope], A vari- 
ety of experimental data ar? consistent with these idees 
OVardelln, r^ocK and fienacerref. 1983; Heber-Kaft 
at al.« 1352, 1883: Babbitt et aJ.. 1905). 

In our example with peptide it la tempting to as- 

etgn the rota of epitope to positions 372 and 37a Aitera- 
llans in these two rosldiies change T cell specificity, but 
have no apparent effect on MHC restriction (Figures 1, 2, 
end 4). Residues sos-ase control the efficiency with 
which thepepiide is recognized on th© target ceil surface, 
bill do not contribute to tha specificity gf QTL recognition 
(Figure 3). Residues 355^368 would thus fit the concept 
of en *feggretoper However, tne validity of these assign- 
ments in the absence of any structural Information r +. 
mains uncertain. 

Recognition of Peptides by en, 
la Class I MHC tie&tr'cted 

The phenotypes of the CTL we have studied are charac- 
teristic of cells thai recognize antigens tn association with 
Class l MHC gene products (Swain and Dutton. 1960; Di- 
aiynas et flL 1905). in each of the three examples, recog- 
nition by CTL of peptides on the target ce)l surface was 
antigen specific and restricted through a single class I 
MHC mofecule (Figures a and 7), This was particularly 
revealing in the experiments with polyclonal human CTL 
In which only one of the three class I molecules recog- 
nized on virus infected cells f unction ed as a restriction ele- 
ment for peptide 335-349 (Figure iy These observations 
attend previous wor* on class I MHC controlled immune 
response gens effects observed with whole live viruses 
(Blanden et at_, iS7&; Vitietlo and Sherman. 19B3). 

The selection of only certain combinations of peptide 
and class I molecules tor recognition by CTLfc vary siml^ 
lar 10 the results obtained with nonlytic T cells restricted 
through class II MHC molecular Discussion of these ef- 
teds has focused on ihe MHC molecules themselves and 
the T cell repertoire. Polymorphic MHC molecules may 
bind antigenic peptides with a hierarchy of affinities, and 
Individuals may vary in their T cell repertoires through in- 
herited or acquired diversity In their T cell receptor genes 
(reviewed by Schwartz 1985; Shevac. 19fl2; Zlnkernagel 
and DOherry, 1970; Banaoerraf. 137B; Jeme, 1B7J). 

We have shown In Figures S and 7 that ma peptides rec- 
osnlEed by class I restricted CTL can associate with tha 
iarget cell surface, if is poss lble r in view of results by Bao- 
bftt at at. (1985), that the peptide 3B5-3Br> (1960) may bind 
the D» molecule. Both tha target cei) and tha CTL dons 
eKpress the O** molecule (data not shown)- Efficient fysis 
of targot cells vnder condlliona wtrere peptide i& in contact 
with both target cell and CTL done may be explained by 
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the resistance of the dona to ftutotyste, Howevw, as we 
hove no means of detecting peptides on the cell surface 
other than by CTL recognition. Ihta Interpretation Id 
speculative. 

The observation that protracting CTL done F5 with pep- 
tide does not enable il to recognize the untreated LAP 
target can incites that peptide dB6e> does not 

bind to the T ceil receptor in the absence of an appropriate 
target cell membrane. 

A detailed analysis of (he binding characteristics of the 
peptides wa ha/a studied w3l help to clarify these issues. 

Oa A0 Somatic Cello Bearing Class 1 Molecule* 
Present Degraded Viral Protein* to CTL? 
we have identified three epitopes of the NP molecule thai 
can ba replaced in vitro with synthetic peptides 11 to 10 
amino acids in length- Each of the three opftopea crista 
betwBBn amino acWa S&5 end 365 of tho MP sequence. 
These result* taken with our previous findings (see the 
introduction), raise (lie possibility that degradation or 
denaturatten or MP may tak*? place in the target cell before 
CTL recognition occurs (Ibwnsetid et aJ M 1965}. The attar* 
native explanation Is that this region of the molecule Is ac- 
cessible as a segmental or linear epitope In Ihe folded 
molecule. The three^lmenaional structure of NP to not 
available to judge, Experiments are In progress to com- 
pare native with denatured and degraded NP for their abil- 
ity to sensitize target cells tor lysis by CTL. In addWon r we 
are raising antibodies to the peptides recognized by CTL. 
These may differentiate between native and degraded NP 
on the surface of trartsreotsd or virus Infected target ceils. 

[I degradation of viral proteins Is required in a target cell 
prior to CTL recognition, questions arise about where and 
how this might occur. Recent work ras shown that tn- 
flittnxa specific CTL restricted through class II molecules 
exist in both mouse and man (Lukacher et ah, ^3BS; 
Kaplan et ai« ( 1984), Circumstantial evidence In these ex- 
periments was consistent with a processing slep by the 
large* can bearing class h molecules. For Instance, pre- 
Bewail wi of purified NP by rymphooiastold ceil lines Id nu- 
man class II restricted CTL wee inhibited by chioroquine 
(Fleischer et a)» 1985). 

Wb have not been able to detect any effect or chJoro- 
quine an the recognition by class 1 restricted murine CTL 
(which are Known to recognize peptide 366-390) of vlpjJs 
'mfeded or NP fcransfected target cells (Goteh, unpuD- 
tished work). Initial results with class l restrict human 
CTL show that NP purified from Influenza virus particles 
is not capable or sensitizing tymj>hobta*toJd target cells 
for lyals by MG CTL (data not shown]. 

» a proteolytic system does exist tnar le involved in pre- 
sgncsiion of antigen to class I restricted CTL, it should be 
present ki all the cell types capable of being recognized 
by CTL, act on newly synthesized vfrai proteins, end be 
resfstant to the effects of chloroquine and other agents 
thought to Inhibit lysosomal degradation of proteins. 

in conclusion, we have- demonstrated that the epitopes 
of influenza NP recognized by class I restricted CTL on the 
surface or their target celts can be defined wtlh short syn- 
ineiic peptide* Preliminary evidence suggests thai the 



peptides recognized by CTL can associate with the target 
ceil mambrana The i esutis are consistent with the sug- 
gestion that degradation of NP may ba reauired Jn the tar- 
get cell prior to CTL recognition. All of the phenomena we 
have described frith class i restricted CTL are closely 
related Id well BsLsbfished findings wfth class 11 restricted 
T celts. 

Experimental Prttadunia 
uuri m CTL Clones 

Clonal P6 end AM were totaled horn C57BUS (oM&IaM trOM OLAO 
or C57QL (obtained Iron NIMR Mill HW) Dy fimiifcifl dJIuUon to do 
Bcrttaad pfBVtMjtfy (fawneantt et at, 1985). They wen* main- 
tained vtuo ny oEKnuftfion lrflh A virus Infofltod syngeneic eplaan 
cerfta tn TCQF cofiiffigned medium exactly as describee pnyriousty 
pbwnsend and SlftmpJ, 1&S4J. Fat ftoma BxpertmVU* Cb** F& 
ritelrrtjilnad with uninfect*) feeder cojla end TCGF conditioned me- 
dium coritAVilna pepdrf© SfiS-SBO (tOTS) «tf a final connruralfcn of 1C 
pg/mi. Trie aptmwro growth-promoting eahriiy of popftfe was as. 
aaaaad by prior tlfranon In a thymidine hoarporalbn away, 

Induction and Testing of Human Polyclonal en, 
The method uaad wan buod on Inu daac/toed prewusly [MdUchool 
and Attsnas, Wfl] vl[h ittna maaMeiLltons (McMchaol aid.. 1986). 
Peripheral Mood lymphocytas [PBL) wftro incuhAted in WMl 164d 
medium (Qlbco) m the abasnca of nnjm whn influenza X9i vims for 
T hr ei ST*a Rual calf to rum wa» sddad tn 6% and (ho MsK Incubated 
tef a further 7 days. Tho cultureo were men iraruaEiBd and i»sub- 
psndsd In FPMI ta^a 1046 FCS. for use |n tho m Dr rafaase assay. 

TarQoi oetb wtf6 prepardd grid chromium labeled as pwlaudy Co- 
se^bod {McMichaJt ftntf Aitonas, tffl; MoMlcfteei ot af. t 7996). ihey 
won> etihar autdagouB Epstein Barr trfrus Uniformed B hmpho- 
tfasuviJ call llnea Of PQL BClKrac^d hr 3 doya wrtin p^ytohomqgglutlnin 
St a u$/mh For the pepftfe fiypArtmontO. fnalha dfi 1 And 2 g flaei t &ed 
(or irid irdu&o CTL pxpgrimsncj ware used. 

"'Chromium Rslsan AMfly 

A etsnaafd pracaaure was U9Dd ^Masrtnie st au ^S77J Ibwnsottd etau 
isea, i&U; MdJtiehaoJartdMteflaa, istbj *n*ih ih* ferret inefuncfl- 
tions fer reaiing peptides. 
MatAetf T 

Peptides wan mttda up W> HP Ml rnBdlum conla'mine FCS and ID 
mM Hopaa buffer at pH 7.4 (fl^MinO) at A ms/nti. This aotk aatulion 
nu Ihen dihilsd Ift RPMt/10 to fair timns tho 0\<J cancdAtmuon n- 
Quired In tfiB nsfiay and d^oansed in ooS ml anqoou t« ejiperlnwrnju 
and cuntml wads of B6 wol\ fnlcratfEar toaym Tfaryol coils were hsr- 
lMAtad, feauspandad In OS ml RPMI/iD conlafnlng 100 ad of « Or. in> 
cutaaled ST^C lOfSQmln, ihen waahed thua ibna » to 10 ml PSS, end 
once In RPMtflfc and rasuapdndQd in BPMlTiu. Uibofod lareol cam 
0 v 1Q 4 or 2 x 10 1 ] In 04)5 ml R.PMl/10 ware added (a nund or ITbI* 
bottomed wata of gb wdR mifittther (my& eeniaWpQ OQ5 nti aflov^& 
at peptioaa AddlDons ro thfc mlMCun> ware as fonowa; to axparffnamal 
wsllE, CTL In 0.1 ml IP rne>« Vp Ins fdlte/rtaf p«t (Kfr) ralfaa shaitm in 
the flay rw; awnraE wolls. O.t nil of RPMWO; end id una! lAioaoa 
wlifcCLi mi of S% >iitifW< 1 Kl Ths assay was than porformed ^ pre- 
vfousiy daicrlbed. 
MatftodS 

Totgai Cotlo vnir« narvaoted, vfaahotf Mica In aemm rhw RPMl. llw\ 
reauapandad In 04 ml serum frae RfMI ^oniainlng 1Q0 mCi n Cr and 
peptide si q final cononnU^tlon ci 100 MpMil (appnsdmalaly BQ uM)- 
TMq mlxtura «nuj th?n tncunaiad tor eo mln al S^Ci washed ihrea 
timet In to ml PBS, waahad anca In E ml RPMVt 0, and rfiauspandod 
m fVWI/ia LDCMiod torgai cans (t x no* or a it no*) swra than da- 
"ponsed In 0,1 ml ellQUofaj h microliter trays. The eseay Was than cxtn- 
[fnuBtf 6d p««MOu«ly dMcrtbsd. A mitw n^diflosllan «*aq q«vd in 
aama Of tria eovenmentB wllh human CtL Tanjet cstfa mre labcJad 
wtth "Or far DO mln tho Ins absence ol popad*. waahad twfca In «e- 
rutt rraa HPML man raatispenosd In 0,4 ml eervm frw flPW canlaln' 
Ing pepUOe b( 100 ue/Ml lot 1 hr at STOL Tha 0»Jte ward than washed 
Ihrea Umaa and tibpsnaatf In mtarc titer Uaya. Tho uoay wosOian mv- 



20/11 



Received 11/19/2002 22:51 in 20:08 on line [2] for TB10007 printed 11/20/2002 
'02 15:00 FAX 613 9663 3099 F.B. RICE & Co, 



08:13 * Pg 11/49 



]011 



CCRC LEVEL I -> 00396G33099 



NO. 365 



P10 



drwed 09 (wowiouaiy teacrfbed. Tneto two veriaiiaM of m<Xhod a qbv* 

Identical roiutia. " 
rHf«ntaflfl of Sfroctnc B| Cr release *as caJculatod aa fattawa: 



(Rabjaaa py CTt - medium release) 



Tnton refeasa - medkim rtrfeaad) 



Ea*h aotpMimantst poim waa measured (n dupiicaja RGttfnst auadru- 

pficafa COntrals In medium oJbna. Spontaneous "Ci* relonsj t»y lo* 
gats In medium alan* varfed oo<w*en and 17% for murine bugst 
calls end bstiaaan 15% and 2fl% for human rarest c*f|0 of eounte 
rafoasod by Tfr(op. 

OBseJfeapanaa Titration* ai Peptide* 
ferine dasiw-espwua curves in Figure 3, Eu <H-2faJ tonjal crib ware 
uaad. Peptides wtt dtepanurf (a hWnd-benomed Bfl m0 martin mj- 
cnMHer pram as cescflbsa above m OAS mt and a derleg of nf/w dau* 
bring dUuflons mada pvor a a*sa range optimize! Dy trial ana em* In 
(M»wi«, B axperfnivntEt ^ObOetetf EU calls (10*) In 0.06 ft* were 
ai«Mro weft wall follcuwHa^l^ x 1f>CTLctanaFfiln0.l mi. The 
assay waa than parlprmed m pwlguflry described. Tha mguita In Ffg- 
ur* 3 ware cateutaiBd In me following Way to rw mattes ths Oiratlona 

(Hataaso tn presence tf CT. an d peptide - /elgoM by <TTL eferta) 

t&Stt TUton ratam *. ralftaa« by CL atone) * 100 

Tha spontaneous release of B <Cr ham taigal cafe to the pftuamcB 
rfCTLb^nae^pca^TOlWrfthott 

Ena dtsa rartga&stum in Figure 3 Hons or ine peptides atone had any 
detoctatfe affect on the sparfeneoua pilaASQ of *C torn turgot cafe. 

TTm Thymidine Incafpanutan Aaaey 
ca^dno FS was fas wfth *njs infected syngeneic aptaeh coifs and 
TCGF cnndQtonsd medium aa prwtoudy detcrfbsd ffcwfusond at flj, 
1983; Tbwnsond and Stehal, Vhflao lg four days fatsr 019 rtj- 

epojidlns carls wsra ap(IM;2 and led wllh frwsh TCGF corn* tfanad 
fliadURL Thfa procedure was repeated every a fa 4 days far at wast 
14 By CTU dCjn« Gtdppad dfwldlno. oven when tod 

wiO» fresh condilkinad nredlum. Furthai' enli dMdton wu AMoiutDlv 
BTtf^gan dope nC?nC ' 
Pepdda dlultena wdt> profvrod »«Om q Aock aolutlon nf 4 maftnf in 
RPMV10 thai haJ ba«n filiar rtorifi2sd. DTtumd papadga pc madlum 
atone wer» chart dispensed In ODE ml Irfricai* aliquant to rnlto of 
«und-t»Onomwf DQ wen alsrlUrt mfcrolfter platas. Tb thoss BCQUotBwas 
aud^d ft15 ml RPMWfl eoniaJnloa W c?one FS cgWb; 5 x 10 s unin- 

ceita; and O06 ml of d Cbn ^ Mlrtftiiatetf r«t eplwn Call aucfimafeAC 
nwrflKBiia and Stehol. tfifl4). Ths euffurwa woca kvctibdtad ttf 3dBva 

bi at?°e in s% co, wid puiaad wiih i bci or * H mymidbin tor e hnS» 
'f^ T * Brfl ton HarvBBied on ft THertok 560 colt harv«slar, Tho a K 
J^wojne uwwporHtfani by ihe CTL rtfln* vrtts maa$ured byadntffla- 
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Epitopes Using Recombinant Vaccinia, u V 
for Vaccine Development 
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I .S. MUko\ T. B. Sculley,* E. Kieff,* and D.j. 
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Summary _ . Jr_. r ive vaccine 10 the ubiquitous Epstein-Barr 

There U considerable interest in designing »»^^ t J?Wm p hoc^s (CTLs) in eliminating 
v£T<EBV>. An important role for fV-ipcaBcqg^ 1 J^jJ^ of iTOmU ne donor, 
SSIinfccid cells is well established. Limited Thfi DrKent „ udy provides an 



by ClL clones rrei" - -• . u l„,„i, PTL clones specihe tor nine cy...^— , 

fiye vre* denned" at the peptide level. ™ ber 0 Lpitopes (7/16 epitopes tor wn.cn 

Eoth rvpc 1 and type 2 ^^^t^ol on type 1 EBV transformers. Vacam 
EBV tvpe specificity was determined) ^ braized more frequently than an> 

fecombLms encoding EBNA 3A and H IN I A^C • we« ^ in EBN A 

orher vaccinia recombinants used m ^J™*^ BBV^fc CTL clones could no: =c 
1 Surprisingly, epitope specificity tor a Urge number or y rf ^ ^ ^ 

ocSd. alfhough ^ccini, ^^^^Icdi^- CTL epitopes designed ro 
of EBV. These results suggest chancy EBV va'cu ^ buC also other regie- 

widespread protection wiU need <J» d «S t0 recognize EBN A 1 as a target ant.ger.. 
^ihe genome. The apparent '^3^™^ and nasopb.ryr.geal c^norna. 

t^^^^^r- mJ wil1 not bc 

regukcion of latent <*» b * reversed - 



virus first highlighted the .mportanr : to e W 

ease with oncogenic virus* ^ since i^jJ^EJ w ini . 

troduccd ta^S^ fc b rb hipUnt to deter- 
ciste tumongemc processes. . j\ ^ x procems 

mine the distribution of '^.T^Sffem a si £,incant 

tZ^Tc l^T^. B-use of the potent «n- 



« nf CTL epitopes in the future development of a n> 

there is considerable interest in deniung these 
molecules recognized by CTLs tnor , Qn ucko f -. 
EBV is the etiological agent f^^^* (BL 

nasopharyngeal c^momi CNPU) 
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types of EBV (1 and 2, also referred to as A and B) are recog- 
nized that show DNA sequence divergence within the BamHl 
WYH and E regions of the genome (5-7). In vitro, the virus 
transforms human B cells inco Iymphoblastoid cell lines 
(LCLs), which express a limited number of viral gene prod- 
ucts, including a family of Epstein-Barr nuclear antigens 
(EBNA): 1, 2, 3A f 3B, and 3C, leader protein (EBNA LP), 
latent membrane proteins (LMP 1 and 2), and terminal pro- 
teins (TP 1 and 2) (5)- An alternative nomenclature also in 
current use designates the EBNA family as EBNA l t 2, 3, 
A y and 6, and EBNA-5/LP (4, 5). In contrast, latent antigen 
expression in BL and NPC is restricted to EBNA 1 (in some 
instances LMP is also expressed in NPC) (8). 

In all previously infected individuals, the virus persists for 
life as a latent infection in B cells and is apparently restrained 
by a population of EBV-specinc CTLs (9. 10). This CIX re- 
sponse is a classic virus-specific response (CD8, class I re- 
stricted) (10), though CD4 class Il-resmcted cells have also 
been described (9). The key observation in defining ihe 6m 
peptide epitope recognized by EBV-spccinc CTLs was that 
in certain donors it was possible to exploit the allelic poly- 
morphism in the EBNA proteins between type 1 and type 
2 EBV by isolating type 1-specifcc CTL clones (11). These 
clones provided an opportunity to screen selected EBNA pep- 
tides for reactivity on type 2 transform aocs. This led to the 
definition of an EBV-spccific CTL epitope that was present 
on type 1 but nor type 2 transformants (12). A second epi- 
tope, derived from EBNA 3C and present on both type 1 
and type 2 transformancs, has also been described (13). While 
this approach was very successful in defining a limited number 
of CTL epitopes, their overall distribution within EBV la- 
tent antigens was largely undetermined. 

Two recent technical advances from our laboratories have 
facilitated this study. First, the construction of recombinant 
vaccinia capable of expressing individual EBV latent antigens, 
and second, the establishment of an EBV-negativc host cell 
(anu-^t B cell blasts) for these recombinant vaccinia (14, 15). 
In the present report, we have localized EBV CTL epitopes 
recognized by multiple CTL clones from a panel of immune 
donors to generate the first comprehensive analysis of the dis- 
tribution of CTL epitopes within the EBV latent antigens. 
This approach was combined with peptide epitope mapping, 
which permitted the identification of a number of new CTL 
epitopes. Moreover, since EBV infection is associated with 
BL and NPC, another important objective of this study was 
to determine whether any CTL epitopes are localized within 
EBNA X and/or LMP. 



Materials and Methods 

Establishment and Maintenance of EBWwnsfirmtd Cell Lines. LCLs 
were established from a panel of healthy EBV-serOpOsitive donors 
listed in Table 1 by exogenous virus transformation of peripheral 
B cell* using type 1 (B95.S and IARC-BL74) or type 2 (Ag876) 
EBV isolates (U), and were routinely maintained in RPMI 1640 
containing 2 mM glucamine, 100 lU/ml penicillin, and 100 ug/ml 
streptomycin plus 10% PCS (growth medium), LCLs were desig- 



nated with the donors initial followed by the transforming virus 
source (eg., LC/B95.8 designates B lymphocytes from donor LC 
transformed with virus from the B95.8 cell line). 

Generation of Anti-ji B Cell Blasts. U nfraetionated mononuclear 
(UM) cells were separated on Ficpll/Paquc (Pharmacia, Uppsala, 
Sweden) and depleted of T cells using E-rosetting (16). The en- 
riched B lymphocytes were cultured in growth medium containing 
anti-IgM (p. chain specific) coupled to acrylamide beads (Bio-Rad 
Laboratories, Richmond, CA), human rIL-4 (50 U/ml; Genzyme, 
Boston, MA), and highly purified human rIL-2 from Escherichia 
tali (20-40 U/ml) (17, 18). After 4$-72 h, B cell blasts were sus- 
pended in growth medium supplemented with rlL-2 (20-40 U/ml). 
The B cells continue to divide two to three times/wk for 3 wk 
in the presence of rIL2. These cells are referred to as anri-ji B cell 
blasts. 

Vaccinia Virus Recombinants. Recombinant vaccinia constructs 
for different EBNA genes have been previously described (14 T 15, 
19), All EBV sequences were derived from the B95.3 strain of virus. 
The EBNA 3 A sequence was derived from the cDN A Clone T216 
(7), which consists of the y portion of the EBNA 3 A coding se- 
quence, crossing the splice sice and extending to the EcoRI site 
located at position 93166. This plasmid was digested with PstI and 
collapsed onto itself to remove 5 r noncoding sequences. The resulting 
plasmid, T216P, was opened at the EcoR.1 site and ligated to the 
genomic EcoK (ragmen derived from plasmid PMH36, recreating 
the intact full-length EBNA 3 A coding sequence. The EBNA 3 A 
coding region was excised with PstI arid EcoRV and H gated to Pscll 
at the Smal site. The EfsNA 3B was derived from the cDNA clone 
PMLFT7. The portion of the open reading frame crossing the splice 
junction was excised with Spel and Xbal and inserted into 5pcl- 
digested pBluescrips, The resulting plasmid was digested with Spel 
and EcoRI and ligated to a 440-bp genomic fragment from EcofU 
(95243) co Spel (95663). The resulting plasmid (pB5;E3B) w« 
digested with EcoRI and Xbal to release full-length coding region 
of EBNA 30 and ligated to the Smal site of PSCll. 

All constructs had the potential to encode the relevant full-length 
EBV protein except for EBNA 2 deletion mutants. The diagram- 
matic representation of EBNA 2 deletion mutants is shown in Fig. 
1. All constructs utilize the authentic start and stop codons. All 
constructs are under the control of vaccinia virus P7.5 promotor, 
except EBNA 1, which has been described elsewhere (19). A vac- 
cinia virus construct made from insertion of the pSCll vector alone 
and negative for thymidine kinase (VaccTK") was used as control. 

Source of Generation jf EBVspecific CTL Clones, UM cells 
(lOVml) from each donor were cultivated with irradiated (8.000 
rad) autologous type 1 (B95.3) LCLs (responder to stimulator ratio 
of 200:1) in 2-ml culture wells (Linbro Chemical Co., Hamden, 
CT) for 3 d in growth medium. In the case of donors LC and 1M, 
CTL doncs were also established after stimulation with BL74- 
transformed autologous LCLs. CTL clones generated by seeding 
in 0.35% agarose were established from these donors and main- 
tained as described earlier (9. 11). Colonics were harvested after 
3 d and amplified in culture with biweekly restimuhuion with rTL-2 
and autologous LCL. 

Cytotoxicity AiSay on LCLs. CTL clones from each donor were 
screened in a standard 5-h sl Cr release assay (at an E/T ratio of 
5;1 or 10:1) for specific reactivity against autologous types 1 and 
2 and allogeneic type 1 LCLi as previously described (11), Clones 
were designated as being EBV-specifk on the basis of recognition 
of the autologous type 1 LCL and lack of recognition of MHC- 
unrelated LCLs and autologous anti-^ B cell blasts and /or PHA 
blasts. 
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CwoiUy ^*dV on Jteimi&liiafir Uttiih Virus-infected Targets. 
An ti-M B cell W* <* type 2 U^s we Infcct^uK t 
viruses M » multiplidcy of infection <M. OX) of 10.1 for 
1 h >t 37*C as described «fcr (14). After 14-16 h. ceUs we* v^hed 
with 1640 and incubated with *Cr for 90 min, wwhed 

Tee times, md used * targets in , standi 5 ; h "Crease ^ 
» described above. The effector cells were added to the assay at 
E/T ratios between 5:1 and 10:1. To confirm the expression of EBV 
antigens in anti-p B cell blasts and/or ICLs after recombinant vac- 
cinia infection, the infected cells were »lso processed for immuno- 
blotting and immunofluorescence (14). 

Screening a/CTL Clones for Ptpnde Epitop* To ^ 

rify the CTL epitopes recognised by EBV*pecnc CTL clones from 
«ch donor, a series of peptides from EBN A or LMP 1 were *yn- 
Resized (10-15 amino acid*) (20) based on the known sentence 
of the B9S.S strain of EBV. Peptides selected were primarily based 
on the results of recombinant vaccinia CTL awgn md those that 
corresponded to predicted algorithms (21. 22). Peptides were dis- 
solved in RPM1 1640 and distributed into U-bottomcd microdilu- 
uon ptec* (200 20 M l/wcll) >nd frozen ar -70 C un | 

required. "Cr-fcbeled «iri-p B ceU blasts were added to „ c h well 
Q x lOVml. SO /d/ml) and incubated a t 3?*C. After 1 h. 130 
id of cloned autologous CTLs were added to the reaction mixture 
(final E/T ratio as indicated), and the assay was conducted as de- 
scribed above. 



Results 

Location of EBV CTL Epitopes m EBWtmmune Donors. A 
total of 362 clones were isolated from a panel ot 14 healthy 
EBV-immune donors afrcr stimulation with irradiated autol- 
ogous B95.3- or BL/4-transformed LCLs. Of these, 212 were 
EBV-specifk CTLs. The proportion ot these specific CTX 
Cbnes from each donor varied from 100% (17/17 for donor 
DM) to as low as 16% (8/51 for donor AS) (Table 2) 

To define the antigen specificity of the 212 EBV-spccific 
CTL clones, autologous anti-^i B cell blasts or type 2 LCLs 
were infected with recombinant vaccinia expressing individual 
EBV latent antigens (and VaccTK") and used as targets in 
a 5tCr release assay. The reactivity of five EBV-specihc clones 
&om one of the 14 donor* pD) is illustrated in Fig. 2 and 
demonstrates that two of these clones rrco S n ^ T c * 
3A (CTL5 and CTL13), two recognize VaccXPMl (CTLS 
and CTL10), while the antigen specificity of one clone (CTL9) 
was. not defined by the panel of vaccinia constructs. Table 



Table 1. HLA Antigen (Cttii I) Type of the EBV^mune 
Donors Included in this Study 



Donor 



HLA typing 



LC 
IM 
DM 
CM 
PM 
AS 
NB 
OD 
LX 
Ll- 
CS 
SJ 
JA 
JS 



Al, BB. B18 
Al. All. Bb\ B51 
A24. A29, B44. B47 
All, A24, B7. B44 
All, A29. B7. B44 
A2, A24. B51. B62 
A2, A24. B7, B35 
Al, A3, B8, B40 
A24. B15, B38 
A2, B7. B44 
A2. A23, B35 T B44 
A2. A3, B7, B44 
A2, All. B7, B15 
Ah A2, B6\ B51 



2 presents a summary of the EBNA/LMP 1 vaccina con- 
structs recognized by CTL clones from each of the 14 dono£ 
All vacdnia Constructs except VaccEBNA 1 and VaccEBNA 
3B were recognized by EBV-specific CTL clones. H™* 
it should be emphasized that recognition of VaccEBNA jB-in- 
fected anti-M B cell blasts by EBV-spccific CTL clones «s 
assessed in only five donors (Table 2). A dominant response 
through a Single vaccinia conduct was ^^ v wll !^f 
donors (DM, CM, and CS recognized pximanly VaccEBNA 
3C) (Table 2). An important feature of these results was that 
the majority (145/212) of EBV specific clones failed to recog- 
nize any of the latent antigens encoded by vaccinia constructs 
(Table 2). This was particularly evident in the case of donors 
PM and JA, where none of the clones recognized cells in- 
fected with any of the vaccinia constructs. 

MHC Class I Restriction oj Vaccinia-localized CIL bpi- 
topes. Of the 212 EBV-spccific CTL clones investigated in 
the present study, 20 distinct epitopes were localized using 
vaccinia constructs- CTL clones specific for seven of these 
epitopes were type 1 specific, while clone, specific for nine 
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Figure 1- Diagrammatic ^presentation of B95.8 
EDNA 2 sequence and of vaccinia constructs encoding 
EBN A 2 *nd deletion mutants. The construct encoding 
the full-length EENA 2 is designated <■). the 
recion* fitted from EBN A 2 a« designated (□)- Ue- 
uib For the preparation of ih«e mounts h« b«n £rab- 
lished earlier (15), tech rccombioam vaccinia had the Ca- 
pacity to encode trenched EBNA 2 p^teins with the 
following amino »id ***** V 3 cc.HB h;s amino 

add r=Idu« 19-H8 deleted; V W -flB has amino acid 
residues 151-327 deleft: Vace^t has a ™ no = ,Cld ^ 1 ld " e ? 
203-237 deleted: VaccSp has amino acid tesidua 
deleted; and VwtPP has amino arid residues -105-ibu 

Jelcted. 
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Donor 


No. of 
clones. 


EBV 
spedtc clones 1 


Vacc. 
EBNA 1 


Vicc- 
EBNA 25 


LC 


47 


44 


_? 


2 


IM 


26 


15 






DM 


17 


17 






CM 


29 


19 






PM 


25 


17 






AS 


51 


8 






NB 


42 


B 




5 


DD 


21 


17 






LX 


14 


5 






IX 


19 


16 






cs 


15 


U 






sj 


24 


19 






JA 


12 


4 






JS 


20 


11 




2 


Total 


362 


212 


0 


9 



EBNA 3A 

I 

! 

! 7 

1 4 



1 
1 

3 
3 
1 



Vacc. 
EBNA 3B 



Vacc. 
EBNA 3C 



Vacc. Vacc. 
EBNA LP LMP 1 



NT^ 
NT 
NT 
NT 
NT 



NT 
NT 
NT 
NT 



12 
6 



3 
1 
3 



22 



0 



24 



* Told numb* of done* mud ^^ l °Yv„T^L CTL cLon* iiobnd rom each individual donor, , . „ ]vJA 

1 This cobmn number of EBV-ipecific ' ^ ta* »oumo ^ombi.^t vaccmn encoding EBNA 2. 

* This column reFett 10 the fmmb« of clones recognizing autologous ant. M » <*" 
I No clones ieaccivc to vaccinia construct. 
1 Not tested. 



other epitopes recognized both type 1 and type 2 r«nsfor- 
mants. The type specificity of fou epitopes was undefined 
(Table 3), The HLA restriction of the specific epitopes was 
deuermined by comparing the lysis of autologous LCLs japd 
allogeneic LCLs sharing one or more alleles (Table 3). L.1 l 



V-or.i7BNA2 




_ CTL5 

gg| CTUO 
| | CTLfl 

El CT ^ 3 



i0 30 

Figure 2. Specific lysU by EBV-ipccific CTL clones i (CTIJ. 8 . 9 10. 
anfl3) From donor DD of autologous LCLs (DD/B95 .8) »d Vacc EBNA 
1 2 3A 3B 3C LP. LMP 1, iftd TK " -infected DD anu*>i B cell blast*. 
Ami-* B cell were infected for 12-1< h (M.O.L, 10=1] > with «c™ 
constructs and processed for standard *<Cr release assay. VaccTK > 
vtc d a* i control recombinant vaccinia. Results arc c* P re««I * f* r |«« 
specific lysb observed in a sundard 5-h chro«iiu«wdease assay. An t/ 
ratio of 5:1 was used throughout the assay. 



clones restricted through eight different alleles were observed 
wfaik che restricting allele for five EBV CTL epitopes were 
undetermined (Table 3). An import* ni : feature of these res vte 
was chat different clones restricted through HLA A2, B7. 
B^tO, B8, an6 BS1 each recognized epitopes included in two 
different litem antigens (™>le 3)- This observation implies 
th'at a single allele can present two distinct EBV CTL epitopes- 
More precise localization of CTL epitopes within EBNA 
2 was facilitated by the availability of deletion mutants en- 
coding truncated EBNA 2 proieins. In all, nine EBNA 
2-spccific CTL clones restricted through three diffe-ren. : al- 
leles (HLA A2. BIS, and B7) were isolated (table 3). The 
Al2-restricted clones from donors JS and NB recognized four 
deletion mutants (VaccBB. VaccSt, %ccPP and VacoSp) w.th 
,U oflvsis comparable with VaccEBNA 2. In contrast, 
tne VaccHB mutant, which had a deletion affecting the 
NHi terminus of EBNA 2 protein (Fig. 1), was not recog- 
nized by these clones. Data from one such A2-rcsmctco »■ l 
ctone from donor NB is shown in Fig. 3 o^In «*»"*«■ 
HLA B18-restricted EBNA 2-specinc CTL clones (from 
donor LC). failed to recognize VaccSp and Vace.BB deletion 
mutants, which had overlapping deletions for amino acids 
251-327 of EBNA 2 protein (Figs. 1 and 3 b). 

I Based oa the results obtained from the vaccinia experiments, 
EBV peptides from respective EBNA/ LMP 1 regions were 
screened for their ability to sensitise autologous uci-p B «" 
blasts for EBV-specifie CTL lysis. In some instances this in- 
volved the selection of 15-20-mcr peptides from individual 
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Table 3. Summary of the Distribution of MHC 
by Recombinant Vaccinia 



Class I-rtftrvicJ EBV 



CTL Peptide Epitopes within ESV Latent Antigens Localize* 



EBV antigen 

- i 

recognized 


LIT A 

restriction 


EBNA 2 


HLA A2 


EBNA 2 


fH_/\ DID 


EBNA 2 


IJf A TS7 

nLA d / 


EBNA 3 A 




EBNA 3A 


HLA B7 


EBNA 3A 


HLA All or A24 


EBNA 3A 


HLA B51 


EBNA 3A 


Undefined 


EBNA 3A 


HLA 40 


EBNA 3A 


Undefined 


EBNA 3C 


HLA A24 or B44 


EBNA 3C 


HLA B44 


EBNA 3C 


Undefined 


EBNA LP 


Undefined 


LMP 1 


HLA A2 


LMP 1 


HLA B51 


LMP 1 


HLA B40 


LMP 1 


HLA A24 


LMP 1 


Undefined 


LMP 1 


HLA B8 



Peptide epitope 



EBV type 
specificity 



Dqpqt(s) 



DTPL1PLT1F* . j 
PRSPTVFYNlPPMjPL* 
Undefined 
FLRGRAYGL* 
Undefined 
Undefined 
Undefined 

Undefined 

Undefined 

Undefined 

RG1KEHV1QNAFRKA+ 

EENLLDFVRFH 

Undefined 

Undefined 

Undefined 
. Undefined 
Undefined 

Undefined 
Undefined 
Undefined 



' Reference 23. 
t This study. 
S Reference 12. 
El Reference 13. 



latent antigen* that corresponded to predicted algorithms 
(2D-22) However, to define epitopes from EBNA 2. pep- 
rides vcrc selected that corresponded to the relevant vaccinia 
deletion mutant. Of the 20 distinct CTL epitopes l°«""d 
in this studv, five were defined at the peptide level while the 
other 15 remained undefined (Table 3). Of these Eve epitopes, 
three have been previously published (12, 13, 23). while : new 
epitopes from EBNA 1 and EBNA 3C are presented in Table 
3 The results of experiments that define these new epitopes 
are included in Kg. 4, a and b. The HLA B18-res meted EBNA 
2-specific clone recognized autologous anti-/i B ceil blasts 
sensitized with peptide PRSPTVFYNIPPMPL (rc«dur 
number 276-290), while the EBNA 3C-specific clone, re- 
stricted through either HLA A24 or B44 record pep- 
tide RGIKEHV1QN AFRKA (residue number 332-346) (fig. 
4, a and h). 



Discussion 

There is convincing evidence that EBV-sped&c ^ memory 
T cells are responsible for controlling the level of EBV-poSit.ve 
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Ty^i 
Type 1 

Type 1 and 2 . 
Type 1 
Type 1 and 2 
Type I 
Type I 
ND 
ND 

Type 1 and 2 
Type 1 
Type I and 1 
Type 1 and 2 
Type I and 2 
Type 1 and 2 
Type 1 and 2 
ND 

Type I and 2 
Type 1 
ND 



JS and NB 

LC 
NB 

LC and IM 
NB and SJ 

CM 

AS 

LX 

DD 

LL 

CM and DM 

DM, CM. CS, spd LL 

CS 

NB and LL 
LL and NB 

AS 

DD 

AS 

LC 

DD 



B lymphocytes, which all healthy seropositive individual* carry 
for life afiet primary infection with the virus. Exp±nmencal 
support for the existence of this protective memory T cell 
Population Ctttie from the observation zh^ in virus; irttec xed 
cLlcures of mononuclear lymphocytes torn seropositive (but 
dot seronegative) donors, the initial proliferation of EBN A- 
plositive B cells was followed by a complete T cell-depende nt 
degression of growth such that LCLs could not be established 
from subcultures (24, 25). This observation suggested chat 
the latent antigens expressed by these LCLs were a so^ce 
oi target antigens. Indeed, we have recently 
the existence of CTL epitopes within three of the EBNA 
proteins by screening individual clones againrt t pand I of pep- 
ddes derived from a range of latent ant.gens Although these 
Jtudies identified several CTL epitopes (12, 13 23), there ha* 
oeen no previous attempt to determine the relative distribu- 
tion of CTL epitopes within EBV proteins, rccognrted by 
□cihhy immune donors expressing an array of MHC cUss 
! I (alleles Such an evaluation is a mandatory prerequisite lor 
Any future CTL-based vaccine to EBV. The pre^t study p»- 
jides an extensive analysis of the distnbucion of CTL epi- 
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Figure 3. FwnCCiOflil imlvsis of EBNA 2-specific CTL clones from 
donors NB (-) >nd LC lb) genemed from an in tfiiro 
autologous B95,8 LCLi and cesred on autologous lypt t LCL (NB/B95.B 
or LC/B95.8) and ami-** B cdlblua infected with recornblnint vacama 
carrying EBNA 2 g«n« MtfQiu (VaccHB, BB. St, PP, and Sp). VaccEBNA 
2, or VaccTK". RsuIej are expressed ns in Fig. 2. For d*euU on the 
smino aeiiis deleted from «ch recombinant vaccinia, see legend CO Bg- 1- 



topes within viral-encoded proteins. Using recombinant vac- 
cinia encoding individual EBV latent antigens, we have 
successfully localized target epitopes recognized by CTL clones 
from a panel of EBV-immune donors. 

The location of CTL epitopes within the seven latent an- 
tigens, for which vaccinia constructs were available, was un- . 
evenly distributed- tn particular, EBNA 3A and EBNA 3C , 
were common sites for CTL recognition (11/14 donors had , 
CTL reactivity to cither of these antigens), while no epi- 
topes were localized in EBNA 1 and EBNA 3B. Since, in 
the present study, VaccEBNA 3B was not available to test 
the reactivity of CTL clones from nine donors, it is not pos- 
sible to draw any conclusions about the occurrence o£ epi- 
topes in this protein. The imrnunodominancc of the EBNA 
3 family of proteins a 5 a source of EBV CTL epitopes seen 
in this study using EBV-speeific CTL clones has been 
confirmed in a similar study using polyclonal EBV-spedhc ( 
T cells (19). In all, 20 distinct CTL specificities restricted j 
through eight different class I alleles have been defined, j 
Interestingly, HLA A2, B7, Bfi, B40, and B51 alleles were ; 
each shown to present two distinct CTL epitopes derived j 
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Figure 4. Recognition of pepiide-scnsitittd autologous anri-ji B cell 
blasu by EBV-sp^eific CTL clones from donOtt LC (a) and CM jb). 5l Cr- 
labekd anti-M Q cell blasts were prtsemKfced with each peptide for 1 h 
and subsequently screened in a CTL ttwy using the relevant CTL clone. 
An E/T ratio of 5:1 was used. The resulw arc expressed as in Fig. 2- 



from different latent antigens. The ability of single MHC 
alleles to present multiple epitopes has also been reported with 

HIV (26), i r™, -C 

Surprisingly, the specificity of a large number ot EBV-spcanc 
CTL clones (68%) using the available panel of vaccinia con- 
structs could not be defined, A possible explanation for this 
result is that the undefined epitopes arc located within EBV 
latent antigens other than Lhose encoded by the vaccinia con- 
structs available for this study; for example, terminal pro- 
teins (TP 1 and TP 2), LMP 2, or as yet unidentified latent 
antigens. Alternatively, antigens associated with the EBV 
replicativc cycle could also include CTL epitopes. These an- 
tigens arc detected in only a small proportion of latently in- 
fected cells by conventional techniques. However, the exqui- 
site sensitivity by which CTL* recognize peptide fragments 
(27) from viral antigen raises the possibility that low levels 
of replicativc antigens could be processed and presented as 
target epitopes on LCLs, It is relevant to point out thai ; in 
another related study, EBNA 3B and LMP 2 were identified 
as targets for EBV-specrfic recognition (19). These observa- 
tions suggest that all latent antigens except EBNA 1 « targets 
for EBV-speClfic CTL recognition, although a disproportionate 
number of CTL epitopes are located within the EBNA 3 
proteins. 
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There are two important implications for the overall bi- 
ology of EBV if subsequent studies confirm that EBNA 1 
does not include CTL epitopes. First, the ability of BL cells 
(which express only EBNA 1) to proliferate in vivo, in spite 
of a typically normal EBEV-specific CTL response (28), is con- 
sistent with the observation that there are no CTL epitopes 
within EBNA 1. In vitro studies have indicated that BL cells 
are much less susceptible to EBV-spccinc CTL lysis than LCLs 
from the same donor (29). Down-regulation of HLA class 
I alleles (50) and adhesion molecules (eg., LFA-1 and -3, arid 
ICAM-1) (31) have been implicated as possible mechanisms 
for this resistance of cells to lysis. However, recent obser- 
vations from this laboratory using: peptide epitopes from 
EBNA 2, 3A, and 3C have demonstrated that downregula- 
tion of latent antigen expression is the most critical fcictor 
in the nonrecognition of BL cells (Khanna et ah, manuscript 

in preparation). 

The lack of detectable CTL epitopes within EBNA 1 has 
a second important implication in regard to the persistence 
of EBV in peripheral B cells. A model for the persistence pf 
EBV in B cells has recently been proposed. A feature of this 
model is the existence of a long-lived, non-replicating. EBNA 
1-expressing B cell (32). The observations from the present 
study provide a mechanism by which these cells can main- 
tain a nonimmunogenic phenocypc by not expressing the crit- 
ical latent proteins needed for CTL recognition. | 

Of the 20 CTL epitopes localized by recombinant vaccinia, 
five were defined at the peptide level. In addition to three 
previously published epitopes (12, 13, 23), in the present study 
we have defined two new epitopes, one in EBNA 2 and one 
in EBNA 3C. Although CTL clones specific for nine epi- 



topes recognized both type 1 and type 2 transformants, a 
significant number of epitopes (7/16 epitopes for which EBV 
type was determined) were specific for type 1 EBV. Since we 
have recently shown that the majority of single amino acid 
substitutions within CTL epitopes result in loss of recogni- 
tion (33), the common isolation of type ^specific CTL clones 
is not unexpected when the degree of latent antigen sequence 
variation between the two types is compared (7). 

The present study has important implications For any fu- 
ture EBV vaccine designed to control IM Or EBV-asso dated 
tumors. First, CTL epitopes from a spectrum of individuals 
are distributed throughout most of the latent proteins. Second, 
>60% of the CTL epitopes are located in regions outside 
theEBNA/LMP 1 proteins. Both of these considerations sug- 
gest that any EBV vaccine based on CTL epitopes designed 
co provide widespread protection will need to include not 
only EBNA and LMP sequences but also other regions of 
the genome expressed during latent infection. However, since 
CTL* from the majority of donors recognized EBNA 3A 
and EBNA 3C as target antigens, incorporation of epitopes 
derived from these proteins into a vaccine may protect the 
majority of susceptible individuals from IM- The inability 
of human CTLs to recognize EBNA 1 as a target antigen, 
often the only latent antigen expressed in BL and NPC, sug- 
gests that CTL control of these tumors will not be feasibly 
unless the downregulation of latent antigens can be reversed. 
The localization of CTL epitopes within LMP. however, raises 
the possibility of controlling EBV- associated tumors with 
normal LMP expression (Hodgkin's lymphoma and some 
NPC) by boosting the CTL response to tins antigen. 
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Abstt act 

EDrtcm-Barr vims (EBV) provides one ofjtbe most informative systems with 
which to study cytotoxic T lymphocyte «CTL) responses in humans. Tie virus 
establishes a highly unmiraogenic growm-transforming infection of B lympho- 
cytes, associated with the coordinate expreiion of six virus-coded nuclear anti- 
gens (EBKAs 1, 2, 3A, 3B. 3C, -LP) and fcVo latent membrane proteins OLMPs 
1 and 2). This elicits both primary and f eUry CTi+ CTL responses that axe 
markedly skewed toward HLA allele-specific epitopes drawn from the EBNA3 A, 
3B 3C subset oflaiem proteins, wirareactivities to other antigens being generally 
much less frequent This hcirarchy of irWunodominance among the afferent 
latent proteins may at least partly reflect tfiW differential accessibility to the HLA 
class I-processing pathway. Furthermore, CTLs to some of the immunodomi- 
nant epitopes involve highly conserved T Jell receptor (TCR) usage, a level of 
focusing which evidence suggests couldhkvi hnnmnopathological consequences 
from cross-reactive recognition of other target structwe*. EBV is associated with 
a range of human tumors, and there is defeasing interest in me possibility of 
targeting such malignancies using virus^ciific CTLs. The dramatic reversal of 
EBV-driven lymphoproliferations in boni nWrow itransplant patients following 
CTL infusion demonstrates the potential of this approach, and here wc discuss 
prospects for its extension to other EBV^osirive Tumors in which the immun- 
odominant EBNA3A, 3B, 3C proteins are not expressed. 
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406 RICKINSON & MOSS 

INTRODUCTION 

Epstcin-Barr vims (EBV), a human gamma heipesvirus with a marked tropism 
for B lymphocytes, has potent cell growth-transforming ability yet is earned 
by the vast majority of individuals' as a life-long asymptomatic infection. The 
growth-transforming function of me: virus maps' to a specific subset of genes, 
the latent genes, which are coordinated e^ressed in the latently infected rym- 
pnoblastoid cell lines (LCLs) that arise following viral infection of resting 
B cells in vitro. These genes encode ^latent proteins, the nuclear aiitigens 
EBNAs A, 2, 3 A, 3B, 3C, and -LP (^tmaw (referred to as EBNAs 1, 2, 3, 4, 
6 and 5, respectively) and the latent membrane proteins LMPs 1 and 2. Allelic 
polymorphisms in the EBNA2, 3 A, 3Bj akd 3 fclgenci define two broad types 
of EBV isolate, types 1 and 2 (sometimes referred to as A and B), which show 
subtle differences in transforming flmctW The role of the latent proteins in the 
establishment/maintenance of the transformed state has recently been reviewed 
(1), and here we concentrate only on their importance as targets for immune 
recognition. • j |; i , 

Work on the immunology of EBV infection has for many years gone hand in 
hand with vixological studies exaniming the biology of the vims-host interac- 
tion- This broader scenario is also the siibj feet of a recent review (2) from which 
the following essential points can be, dWfa. In most human populations, pri- 
mary EBV infection occurs during the first few years of life, when it is almost 
always asymptomatic. The tendency toward delayed primary infection now 
being seen in Western societies, therefore J [constitutes a novel situation m evo- 
lutionary terms and, very interestingly a proportion of these late infections are 
clinically manifest as infectious mononucleosis (TM). Durir^ primary infection, 
orally transmitted vims replicates locally in oropharyngeal epithelium, with ex- 
pression of the full array of replicate (lytic cycle) genes (3), and the virus also 
colonizes the lymphoid system through vWdrivcn expansion of infected B 
cell clones selectively expressing the latent cycle genes (4). This results in a 
lifelong virus carrier state in which ktentty infectedB cells constitute the reser- 
voir upon which viral persistence depenfelperipdic reactivation of B cells from 
latency into lytic cycle can then reinitiate jephcative foci, leading to low-level 
shedding of infectious virus from mucosaljsurfaces throughout life (2). 

Host immune responses are thought to bp of central importance both in lim- 
iting the primary infection and in controlling the lifelong virus carrier state. 
Serological studies have shown that jtbi pWrnary and persistent phases of in- 
fection are associated with ^fferent|comlimations of antibody reactivities to 
lytic and latent antigens (2). Of these, antibodies to the major virus envelope 
glycoprotein gp340 warrant particular attention because of their capacity both 
To neutralize viral inactivity (5, 6) arid ft mediate antibody-dependent cellular 
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cytotoxicity against cells in the late pfiase of virus replication (7). The bal- 
ance of evidence suggests that such responses do not play a major role in 
controlling an already established EBV infection, although they may be im- 
portant in rendering such an individua| immuae to subsequent infection with 
additional cxogenously transmitted yisus|| strains. Even here, however, it is 
questionable whether humoral immunity alonejis sufficient to confer protection 
(8). By contrast, the frequency with widen EBV-positive lymphoprolifcrative 
disease (9) and clinically apparent yiijus Ireplicatrve lesions (10) are seen in 
T cell-imraunocompromised patients strongly suggests an important role for 
cell-mediated immune responses mniet control of EBV. A number of effector 
mechanisms ait likely to be involved m ids context, and some appreciation 
of their diversity comes from the variety of reports in whieh other cell types 
within blood mononuclear cell preparations can either delay or prevent the 
virus-induced in vitro transformation p'f resting B cells (2). Several of these 
effects are seen with nonimmune as wefljaawitli virus-immune donors, and they 
appear to be mediated by cytokine release from nonspccincally activated T or 
NK-likc cells. The most obvious distuilbance of in vitro transformation, how- 
ever, is the regression of B cell outgrowth mediated by virus-specific cytotoxic 
T lymphocytes (CTLs), a phenomenon seen only in cultures from virus- immune 
individuals and one that provides the first jevidjsnce of long-term CTL surveil- 
lance over EBV infection (1 1). It is tuis i^ype of inununity that has received 
most attention in recent years and that £s the subject of this review. 

■ ! i 

MEMORY CTL RESPONSES j 

Antigen Choice • \ \ 

Memory CTLs in the blood of healthy \pnis carriers can be reactivated in vitro 
by stimulation with the autologous LGLiand jexpanded as polyclonal T cell 
lines or as CTL clones in interleukin 2 (IL2)|-conditioned medium (12-14). 
The bulk of the effectors thus produced aire CDS + T cells that recognize the 
autologous LCL but not autologous mitogen-activated B lymphoblasts and that 
display HLA class I restriction in their pattemjof reactivity against allogeneic 
LCLs . The response also contains a mucfi smaller CD4 + HLA class Il-restricted 
cytotoxic component, apparent under certain conditions of in vitro reactivation 
(15), but these effectors are much less well charactered. When the antigenic 
specificity of the dominant CD8+ CTLs jjwas assayed on targets expressing 
individual EBV latent proteins from recombinant vaccinia vectors (16) ? even 
the earliest studies showed a marked ske>jliijjg of responses toward the EBKA3 A, 
3B, 3C subset of antigens (17-19). Since fjhenjthe analysis has been extended 
10 more than 60 healthy virus carriers representing a range of different HLA 
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408 RICKTNSON & MOSS 

types, and in the great majority of cases, jthl dominant CTL reactivities are again 
directed toward one or more of the EB1S A3,Ia, 3B, or 3 C proteins. In some cases, 
subdominant responses recognizing bttieij latent proteins have been detected; 
the most frequent target is LMP2, less ft'eqttenfLy EBNA2, EBNA-LP, or LMP1 , 
. , ^- ^ A Uiii references below). 



These apparent differences in the imi nimogenicity of EBV latent proteins are 



ies to date have concentrated largely 
to LCLs transformed with type 1 



virus, the prevalent virus type in Wcstinjsocieties. Furthermore it is possible 
that the overall pattern, of results maybe iisproportionatcly influenced by certain 
HLA alleles such as A3, Al 1, B7, BS, [arid B44, which are relatively common 
in Caucasian populations, which tend to 'act as strong restriction elements in 
the EBV system, and which present t rgprt antigens from the EBNA3A, 3B, 
3C subset (18, 21-26). Interestingly,. Incjther common HLA allele, A.l, has 
never been observed to mediate a response in this viral system, while the most 
frequent allele, A2,01, tends to be a w iaicj restriction element inducing minor 
reacdvitiMagamstepitopestomEBN>|3QorLMP2 (27-29). Recent evidence 
in fact suggests that HLA-B alleles ma> j generally be more efficient than HLA- 
A alleles in their loading and transport of [viral peptides (R Khanna, DJ Moss, 
unpublished data). 

Antigen Processing 
The concept of a hierarchy of iinmmodcaninance among the EBV latent anti- 
gens is therefore a provisional one and needs to be tested further in other human 
populations with a different range of t£lA alleles and a different spectrum of 
resident virus strains. Nevertheless, onejoflthe most striking findings to emerge 
from the above work, namely the extxern^ rarity of CD8 + CTL responses to 
EBNA1, has been further pursued in a 1 jjecjent study which suggests that an in- 
ternal glycine-alanine repeat (GAr) dornnin protects the EBNA1 protein from 
the HLA-class I pathway of antigen preienjtation (30). Thus, inserting a known 
CTL epitope into the EBNA1 primary sequence renders it not presentable to 
CD8+ CTLs from flue endogenously extitcsjsed chimeric protein unless the GAr 
domain is deleted; conversely, msertionjoijUhe GAr domain into the EBNA3B 
sequence greatly reduces the efficiency farm which EBNA3B epitopes are pre- 
sented for CTL recognition. Significant all natural EBV isolates do show 
conservation ofthe EBNAl (lArdoinairJpfen though this domain is not required 
for the principal function of EBNAl, namely maintenance ofthe episomal viral 
genome in latently infected cells (31, 3|)Jj|This may reflect the importance to 
the virus of rendermgnonimmunogenic jtnjjj one viral protein whose expression 
is likely to be essential for virus persistency. 

The implication from the above worlt is that accessibility to the HLA class I- 
processing pathway could be one imporljint factor determining the relative 
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e^DOnScs- The conventional route of 
Jge of cytosolically expressed protein, 
e delivery of derived peptides from the 



immtuiogenicity of antigens for CTL 
HLA class I processing involves the clc 

probably via the proteosomc system, — , 

cycosol into the endoplasmic reticulum viaiiiae TAP I/TAF2 transporter complex, 
and the subsequent binding of high afifidityteeptides by nascent HLA molecules 
to form stable peptide/HLA complex^ f6r presentation at the cell membrane 
(33, 34). The c/j-acting protection frojja j&ocessing mediated by the GAr do- 
main of EBNA1 would most easily he explained if it affected the protein's 
accessibility to the initial proteolytic oliawage, presumably by the proteosome. 
There is no reason to suspect that EBT 
the HLA class II processing pathway; 
CTLs have been detected that map to 
LCL cells to which EBNA1 has been s\ 
Khanna, DJ Moss, unpublished data). 



rMVjpw^^w; r - 

3 would be similarly protected from 
Indeed CD4+ HLA class H-restricted 
. fEBNAl epitope and that recognize 
jpped as an exogenous antigen (3 5; R 
Khanna, UJ moss, unpuonsnea oaiaj. iviore surprisingly however, rare CD8 + 
HLA class ^restricted CTL responses] to jpBNAl have now been detected in 
the memory of two virus-kmttnc dbnore (N Blake, SP Lee, AB Rickinson, un- 
published data), suggesting that the GAr-rijiediated protection from processing 
may on occasion be overridden. | 
A second unusual feature of antigen \ 
the sub dominant target antigen LMP2J 
LCL background show that, while EB~ 
sented for CTL recognition in this 
LMP2 are still presented (36, 37), " 



pic of TAP-independent processing of A eidogenously expressed viral protein; 
the first was fflV-cnv, a molecule that naturally translocates into the endoplas- 
mic reticulum (ER), where it is thougjjt 1© become exposed to ER proteases 
(38, 39). LMP2, by contrast, has short aytpwUcally located N- and C-teimini 
and a central hydrophobic region coo!W|ed of 12 tandemly arranged trans- 



membrane domains with very litde projjection into the endoplasmic reticulum 
(1, 40, 41). The mechanism whereby ej ritopes situated within transmembrane 
domains can be presented in a TAP-mdepkndent manner remains to be deter- 
mined. However, by analogy with topological!/ similar ER proteins (42-44), 
a fraction of newly synthesized LMP2 mo f 
mediated proteosomal cleavage after mj ; mj 
fragments that can then access the ER 



;ssing in the EBV system involves 
i, experiments in a TAP-negative 
, 3B, and 3C proteins are not pre- 
sent, some CTL epitopes within 
>nly the second documented cxarn- 



icules may be subject to ubiquithv 
insertion, and this may release 



Epitope Choice 
Many ofthe above EBV latent antigen ( 
mapped to denned epitopes within th< 
A complete list qf these epitopes, inch 



A complete usi Qi mese epn.vpe&, ui^ivma*^ «ywbi — 

context of less common HLA alleles; is s ic4n in Table 1 . This serves to illustrate 
the concentration of HLA class I epitoM in the EBNA3A, 3B f 3C proteins 



jJ iific CTL responses have now been 
p'limary sequence of these proteins, 
several recently identified in the 
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Table 1 EBV-cnooded CTL EpUopes 



EBV antigen 



Epitope 
co-ordinates 



Epitope sequent 



Uiear cycle 
EBNAl 

EBNA2 

EBNA3A 



EBNA3B 



EBNA3C 



407-417 
515-527 
42-51 
280-290 
158-166 
176-184 
246-253 
325-333 
379-387 
406-U4 
450^58 
458-466 

502-510 
596-604 
603-61 J 
101-115 
149-157 
217-225 
244-254 
399^*08 
4 J 6-424 
48M95 
4SS-496 
551-563 
657-666 
S31-839 
163-171 
213-222 
249-258 
258-266 
271-278 
231-290 
2M-293 
335-343 
343-351 
8S1-S89 



EBNA-LP 

LMP1 

LMP2 



133-139 
200-208 
236-244 
329-337 
340-350 
419-427 
426^*34 
442-451 
453-461 



: HFVGEAOTFEjf 

TStYNLRRGT^LA 
" DTPLIPL1TF 

• TVFYNIPPMPL 

• QAKWRLQTL 
AYSSWMY5Y 
RYSIFFDY 
PLRGRAYGL 
RPPIFIRRL 
LEKARGSTY 
HLAAQGMAY 
YPUifiQHGM 
VTSDGR.VAC 

• VPAPAGPIV 
; SVRDUJLAfcL 
1 RLRAEAQVK 

(NPTQAPVIQLyHAyVj 
HRCQAIRKK. 
TYSAG1VQI 
RRARSLSAERV 
AVFDRKSDAK 
IVTDFSVIK. 
(LPGPQVTAVLLHE^S] 
AVLLHEESM 
IDEPASTEFVHpQT^ J 
VEITPYKPTW ' 
GQGGSPTAM 
EGGVGWitftW 
QNGALAINTF 
LRGKWQRRYT 

RjRjYDLIEL 

HHIWQNLL 

EENLLDFVRF 
: LLDFVUFMGV 
■ KEHVIQNAF 
, FRKAQIQGL 
^QPRAPIRPI 
• occasional response i lcnl 

occa^ionAl responses i iep 

PYLFWLAAJ 
S IEDPPPMSL 

I LLWTLVYIiL 

; sscsscplski 
! tygpvfmcl 
\ clgglltmv 
' : vmsntllsaw 
■ltagflipl, 
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Table 1 (Continued) 



Epitope 
EBV antigen co-ordinates 



Epitope sequence 



HLA restriction EBV type 

Class I Class H specificity References 



Lytic cycle aatigens | ! 

BZLFl 190-197 RAKFKQLL i 

186-201 [RJ6CCCRAKFKQ LLQ1 

BMLFl 265-273 f DTWLDARM , 

260-288 GLCTLVAML s 

397-4G5 DBVEFLGHY \ 

BMRF1 86-100 [FRNLAYGRTCV LGKE] 

266-276 YRSOHAVV 

BHRFI 171-189 AGLTLSLLV1CSYLF1SR| 




DR2 



nt 
nt 
nl 
nt 
n[ 
nt 
nl 

Type 1 



74 
74 
73 
73 
73 
73 
73 
72 



Note that, after allowing for imtmil rep eal*, An n«»l~of im^mmo wdgMy ^ h ^?^^ e r SSfiS 
372 fw EBNA1 , 446 for EBNA2, 944 1 for EBKAJA, ttt for 992 for BBI*UC 109 frr EBNA-LP, 359 for LMF1 md 

497 for LMP2 (calculated from die aeejueuGo af Lha reference type INpV strain B95.S). 
1 | Bracketed sequences indicate that die minimal qiiiope is net yet dkfin«d. 
nt — type specificity not tested bur epitope identified using CTU ^ type 1 EBV-inf«ted draws, 
urp.— ^unpublished data from authors 'i labof aiofMSS. 

fvis-a-vis nonpreferled antigens such JIeBNAI, EBNA2, EBNA-LP, and 



the 



LMP1) and also draws attention toj 
spouses that map to jepitopes in. 
ascribed to differences in size between the 
Table 1 footnote), nor to any obvious dif 
in latently infected cfells (1). ; 

It is clear that epitope choice is highly < 
different HLA alleles direct responses fc 
each allele presents a particular set of < 
pie of epitope dialing involves three clos 
(B27.02, .04, and .05), all of which prcsj 



:asing number of subdorninant re- 
a distribution cannot be wholly 
coexpressed latent proteins (see 
-ences in their levels of expression 

Jele-specific, Thus, although many 
jjard the EBNA3A, 3B, 3 C proteins* 
epitopes. The only clear exam- 
rclatcd subtypes of the B27 allele 
^ it the same immunodominant epi- 
tope from EBNA3C|(45). Even here^ however, each subtype also presents a 
second epitope that is subtype-specie (Jlrooks, AB Rickinson, unpublished 
data). Secondly, epitope choice is ttgritV focused in tliat individual alleles 
rarely present more than two or three perife de epitopes, one of which tends to 
be immunodoininant Thus a stror^tffl^^estricting allele such as B8 induces 
a response to one particular irnmunodoirWil epitope (EBNA3A 325-333) 
and to one subdorninant epitope (EBNA34 158-166) in almost aU B8-posLtive 
individuak (24, 25, 4j$: DJMoss, mipublisled data); likewise All induces are- 
sponsc to EBNA3B ^16-424 as the|^uAdominant epitope and to EBNA3B 
399-408 as the subdorninant epitope in mSst Al 1 -positive individuals (22). 

Recent studies suggest that the mMnunJdominance of one epitope over an- 
other restricted through the same aU&ereflflcts differences in their levels of rep- 
resentation as peptide/HLA complexes at! he LCL cell surface (47). Thus, the 



i 
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Jnfold more abundant than EBNA3B 
Interestingly, this appeared to reflect 
iexes when measured at the surface 
complex were equally stable under 
This difference in representation 
•why CTLs to the 416-424 epi- 



EBNA3B 416-424 peptide wad 'at least 1 
3Q9-40Sinextract5of Al l-posiiveLCLsl 
the longer half-life of 41 6-424 Al L corr 
of living cells, even though the two types 
a number of conditions in cell« frc< v assa; 

at the membrane could also help o expU^ w ™ — -r- 

tope kill naturally infected LCL targets much more efficiently than do CTLs 
to the 399-408 epitope, wherea 3 thfese tw; \ types of eflector cell can recognize 
peptide-loaded targets downtoequdlylovi concentrations of exogenous peptide 
(47). More generally, a number of In vitrc Reactivated CTL clones mat map to 
EBV epitopes in peptide sensitfciatitoAssalys and that can recognize target cells 
overexpressing the relevant EBV alcitigen||l6:om a vaccinia vector nevertheless 
do not kill the naturally infected LCL. Tr|s may again reflect the fact that, for 
such clones, the level of repres sntation o||the relevant peptide/HLA complex 
at the LCL surface is insufficient ttjtriggejifoysis (21). 

Table 1 also indicates whether the'se jSlTL reactivities are type-specific or 
cross-reactive between type 1 aijtd tjrpe 2 Wus strains. Not unexpectedly, since 
the allelic forms of EBNA3A, 3B, Jod 3 Coffer at 16%, 2Q%, and 2$% of their 
residues, respectively (45), many of the ■ntounodominant CTL responses in 
type 1 -infected individuals mat tcj epitopes that are not conserved in type 2 
viruses. Furthermore, the first studies to Conducted on type 2 virus-infected 
individuals have likewise detecWjresporJses to epitopes in EBNA3A and in 
EBNA3C that arc type 2-specriic (p; ISj Nlisko, unpublished data). By com- 
parison, relatively little sequence daversira lis found in the LMP2 protein, and 
many of the CTLs to LMP2 cpitjope^ appear to be cross-reactive between virus 
types (27, 29)- As to variation ambnjg E;BV strains of the same type, certain 
epitopes were found to be well Conserved across arange of type 1 isolates, for 
example, those restricted througn the BS aid B44 alleles (49, 50). Likewise the 
Al 1 epitopes EBNA3B 416-42j4 and399flOS were conserved in most type 1 
strains from Caucasian and Afhi^'pppujations; interestingly, however, these 
sequences were altered in isolatles from dtina and coastal Papua New Guinea 
(5 1, 52), twQ areas where the prevalence ofjlhe All allele in indigenous popula- 
tions is extremely high. That thelchkogcs'^ involved anchor residues 
affecting pepude/Aia binding ^diresul^fi in a failure of CTL recognition 
(51, 52) strongly suggested thatlsudh Al lfeitope-loss mutations had been se- 
lected by immune pressure in tneseip^Adar communities. This remains an 
intriguing possibility; but marc lucent dat|i [suggest that Southeast Asian virus 
strains, though predominantly typd,l j are pearly distinguishable from type 1 
Caucasian/African isolates by mkan$ of sequence microheterogencfty at various 



sites in the EBNA3 A, 3B 7 3C ge 



(50, 5p; RKhanna, DJ Moss, unpublished 
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therefore be that these differences 



data). Some of these lie outside kne wn Cp L|epitope regionSj whereas others al- 
ter the antigenicity of iepitopes rest ictedt icjugh HLA-allelcs that are not even 
represented in thesd Southeast 
from isolated highland regions _ 

frequency is very low, show thfi sai ae.sp.c itrum of Al 1 cpitopc-loss mutations 
as do viruses from the above =- T - 1 -- * ' 1 1J - 1 -+ ° /<m r * """" 



]ughlyi All 
in|A|!i 



is 
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Asian populations. Conversely, EBV isolates 
of Papua New Guinea, where the Al 1 allele 



markers of a particular geograpjhlcahy re! fkclted viral genotype (2) rather than 
the specific product bf CTL-madiated se'b : <jrtjpn, 

T Cell Receptor Usage \[\ WA 

Another interesting Ifeature of |EB^-indi] :|ed! CTL memory that has recently 
begun to receive attention is its Tcejjrjecej tor (TCR) usage. Rearrangements of 
theTCRa and£ chapn genes dnrinfijlj cell deitelopinent provide a vast potential 
for diversity in TCR] ap heteroeUmers, pac ticularly in the hypervariable CI>R3 
region that is postulated to interact threji ^with peptide epitopes (54). It is 
therefore remarkable ithat in several BS-p jsiltivc individuals, the fig-restricted 
response to the iinmlmodominant lpBNAii ^325-333 epitope was found to be 
largely composed ofj clones witit thji sam|l •jii'ghly conserved TCR ctfi structure 
(55). Such a level of conservation injT|CR| isage is significantly greater man has 
been seen within cpitope-specific GTL responses in other human viral systems 
such as influenza orj HTV (56-5S)J| TOsj|aises the possibility that long-term 
antigenic challenge jwith EBV, a 



,f positive populations (50). It may 
le'fjitope sequences are coincidental 



c 



persistent and genetically stablje, 
CTLs with maximal affinity/a* 4 
next section). 

It wilL be interestk g, therefon 
memory CTL responses to othtjf 
memory to the subdorninantEBT " 
erogeneous in TCR usage than 
EBNA3A 325-333 response (SL 1 S 
the situation in relation to Al 1-nesi 
versed, in that responses to th( 



ay progressively select for those memory 
relevant peptide/HLA complex (see 



! iortti< 



jdetcrapflp the level ofTCR focusing within 
& era tjoipes. In this context, B8-restricted 
A 15fc t1]66 epitope appears to be more hct- 
dc$oq aeU above for the immunodominant 
j^oss, unpublished data). However, 
ctedjrJKemory populations appears to be re- 
ailnoS >iiuiiant EBNA3B 4 16-424 epitope 
arc quite heterogeneous both within and ) prween different Al 1-positive indi- 
viduals, whereas responses to thie sutdomi ila^t EBNA3B 399-408 epitope tend 
to use sets of highlyj related TCRs |j; " 
such as EBr^B 39^08, whjch 1 
membrane (47), will tend to 
those CTLs whose receptors ; 
complex. 






influenza or HIV) that is both 



Sc authors propose that epitopes 
t in limiting amounts on the LCL 
Reused responses involving only 
ffinity/avidity for the peptide/HLA 
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Further analysis of the B 8 -restricted response to the inmiujaodomniant 
EBNA3 A 3 25-3 33 epitope showed that 4 memory CTL clones with the highly 
conserved TCR structure also mediated ^ssfreactrve lysis of EBV-positive or 
EBV-negative target cells expressing lihe|p44:02 alloantigen (60). In tact, such 
is the level of this EBV t^itopclspcci^clLeniory in BS-positive virus carriers 
that their allorcactrvc responses to B^-ty '"" " ~ 

culture arc dominated by CTLs jfrom |vir|— — -— / 

highly conserved TCR. This grapriicaUy|||llu^trate5 how a prior history of in- 
fection with an inununogenic virus such! & EBV can influence an individual's 
level of responsiveness to an alloantigen; such mechanisms may underlie the ob- 
served clinical association between heipe| virus status and graft- vs-host disease 
in bone marrow transplant patients (6 1). | he above cross-reactivity is presum- 
ably recognizing a complex of thjs B44.02;! illoantigen and a naturally processed 
self-peptide; not surprisingly, therefore, TJ :clls with this particular TCR are not 
detected within the EBV-mduceci memorj) CTL population in individuals with 
both the B8 and B44.02 alleles- taeresa*!i ly 3 however, such individual s do still 
make a response to the EBNA3 a! 325-3331 j B8jcomplex through a variety of dif- 
ferent TCRs, indicating the levels of riser r e sixengtfi that exist within the TCR 
repertoire in the response to a particular fell get puncture (62). More recent work 
has shown that cross-reactivity witW th# EBNA3A 325-333 response in BS- 
positive individuals is not linrketi to Bj44i 2 only, and that certain less frequent 
components of the response rewgniae elher B14 or B35.01 as alloantigens. 
In the latter case, some evidence suggests that the alloantigen-associated self- 
peptide is derived from the liver-speqifid cytochrome p450 (SR Burrows, DJ 
Moss, unpublished data). This isja particuJ Wintriguing example of molecular 
mimicry with potential relevance to tfajc dl biogenesis of autoimmune hepatitis, 
a liver disease with a suspected EBV association and a strong link to HLA-B8 
(63). j j 

i 

PRIMARY CTL RESPONSES j 

Tlie prospective study of IM patients r« resents potentially one of the best 
opportunities to monitor the prinWy ljLum|n CTL response to a viral infection 
and to follow its subsequent establishmejE i injT cell memory. Progress in this 
area has been relatively slow, rWev|er 5 j fa ecause the expanded CD8+ T ccU 
population in IM blood was found to contain several cytotoxic components 
in ex vivo assays; in particular the presel Ice J6f CTLs showing cross-reactive 
recognition of alloHLA molecules maOe.it difficult to discern any HLA class I- 
restricted lysis of LCL targets anA hence aX clear indication of EBV specificity 
(64-67). The specificity of the 'response was'; further called into question by 
a report that certain V0 subsets jwere (coip|istently expanded within die T cell 
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population of IM patients, suggesting 
induced superantigcn as the stimulus 

A number of these issues have fcecei itl; 
is now emerging. First, the CD 8ijpopul 
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lvolvemeut of a vims-coded or virus- 
see also next section). 
leeni^xamined. and a clearer picture 
p ™ r ™-J»n inlM does show significant expan- 
sions of up to 3Q% of ceUs from-!paiticu|Ir Vp\ subsets; however, the evidence 

driven* an! do|nit constitute a supcrantigcn-likc 



suggests that these are antigen-driven* 



response. Thus, different V0 subsets Sire affected in different patients, and 
very significantly, these V£ exr|ariSioiisJ|cnd .tb show a markedly oligoclonal 
rather than polyclonal partem of TOR jj|age, 'often with a single TCR struc- 
ture dominant (69). Second, Iljii effec&s have now been screened directly 
for EBV antigen and epitope spi^inpit||n ex| vivo cytotoxicity assays using 
the recombinant vaccinia vector! an^ peptide approaches. These assays have 
detected unequivocally an EBV-specffic!|pD8nCTL response in IM that again 
is slccwed toward a limited range of epit* peptides, most of which are derived 
from the EBNA3A, 3B, 3C sublet o'f ifi&ot proteins (70). However, the pri- 
mary response is not simply an e&ggMjU version of that subsequently seen in 
T cell memory; thus, therelativc[rVcqiicMe5|of individual epitope specificities 
may alter with the shift from primaiyl.totieinoly, and occasionally a particular 
specificity may be lost altogether. Db A oU^clonal V/* expansions seen in 
IM blood correspond to EB V-gpecific re|gonses, and do these particular clones 
enter memory? Preliminary stujdies V||8-p;o^itive IM patients, where there 
was a detectable primary response to tfflEB>JA3A 325-333 epitope, clearly 
show the expansion of T cells with thje s^inc highly conserved TCR rearrange- 
ment as that already identified for mis epippein the memory of healthy carriers 
(69, 71). In this case, therefore, clones : wMithe relevant TCR are present within 
the primary response. Longer-term stupes ! are needed to determine whether 
these are preferentially selected into i 
recognizing the same epitope but viaji 
Another interesting feature ofrthe j 



ry at the expense of coresident clones 
'rent TCR structures. 

jre'sponse is the presence of CTLs 



recognizing lytic cycle as opposed to. latent cycle antigens. The first such re- 
activity to be described mappedto an " J it_ *" totroW1 * ar}v 
lytic cycle antigen) but was unusual in 
diared by a rare CD4 + CD6 + T cell <pl 

HLA class I-restricted CTLs to inimedW w -j j « — 

are frequently detectable in fee jblwjd'orf IM patients. The best example to 
date is a B8~restricted responseidhepte| against an epitope in the immediate 
n7T -c i «r^;^v in tvitlilntjtt mflv be even more abundant than 



early protein BZLF 1 , which in some pat* 
the response to the irnmvmodoinmantJlaT 
specific reactivity was actually first c 
following in vitro stimulation with a 
the full range of lytic antigen-spec; 



Ltslin'ay be even more abundant than 
at cycle epitopes (73). This BZLP1- 
;ted!in the memory of virus carriers 
'1 peptide pool (74). Identifying 
kivities in memory may well require 



top'e in the BHRP1 protein (an early 
ing HLA class Tl-rcstrictcd and me- 
lt is now clear, however, that CD8 + 
early or early rytic cycle antigens 
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new experimental approaches because 
used as stimulators of memory CTlj i*< 
cally infected cells (1). The fact that 
some early proteins do exist in vivo ; 
is conserved in at least some cells in 
cycle. 



JMMUNOBIOLOGY OF EBV HfRSISTENCE 

■ i ! i III I ! 




(most leases die LCLs conventionally 
is in vitro contain very few lyti- 
responses to immediate early and 
ists that antigen-presenting function 
early stages of the virus replicative 



EBV appears to have acquired a numbe 
ability to colonize the B cell system iritj 
transmission, to persist as a latent irifecL 
of CTL surveillance, and finally to n' 
pool into lytic cycle, thereby maintain.,, 
carrying host (2). | ||| 

Successful infection of a new host critoj 
to access the B cell system and. to am^ 
rapidly in the short period before the <3| 
features of the virus contribute to that en< 
glycoprotein gp340 to bind to the eel] 
CR2 (75, 16), an interaction that mimic 
(77) and that targets the virus specifically 
virus is able both to drive the proliferating 
expression of cell survival signals su'eli 
program of full latent gene expression]^* 
in this early colonization of the'B cell 
local rEplicanve Jesions in the orppharyj: 
expressed during the late phase of the 1 
of the cellular ILiO gene (79, 80), an V 
virally encoded cytokine may work to 
system. First, in studies in vitro, [viral nJ 
induced transformation through its capapi 
(81, 82); second, though evidencje co^xffiu 
Mackett, personal cornmcnication), yira J 
generation of CTL responses either to lj|j 
Very recent studies alao highlight anoihtrj 
cells may enhance the initial stages of grcj 
This cx-trapalatc? from the interesting ipj-j 
into lytic cycle, can under certain co&dii 
like response in autologous T cells o£ thj 
occur in vivo in the natural setting of E' 



pf unique functions that enhance its 
period immediately following viral 
on within the B cell pool in the face 
Lte frlom that latently infected B cell 
oropharyngeal shedding by the virus- 

Uy dipends on the ability of the vim s 
j the 1 load of virus-infected B cells 
, response comes into play. Several 
e is the ability of the viral envelop e 
face complement receptor molecule 
aspects of C3d complement binding 
; to theB cell lineage. Thereafter, the 
of infected cells and to enhance their 
Bcl2 through adopting an LCL-like 
I). Tnc mam source of virus involved 
tem I will be virions produced from 
Intfclis context one of the viral genes 
cycle is BCRF \ , a viral homologuc 
[least Itwo biological activities of this 
iqc 'successful infection of the B cell 
can promote the efficiency of virus- 
toavjgrnentearlyB cell proliferation 
on jhis point (83 ; and AD Stuart, M 
|lL10|may serve to impede the local 
jallyiorto latently infected cells (84). 
icchanism whereby lyrically infected 
transformation in adj acent B cells. 
Jtro finding that LCL cells, if induced 
>ns selectively elicit a supeiantigen- 
|'V0i3 subset. If this were indeed to 
replicative lesions, it is suggested 
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that cytokines derived from the 13 
transformation events (85). 

The initial expansion of latently 
in IM patients is eventually brought _ 
virus-specific CTL response, and ja raj 
the virus is never eliminated from the jl 
lishment of virus persistence must be 
B ceils back to a resting state (?6) jandfj 
of the virus latent cycle antigens that c& 
The cellular and/or viral controls thai 
known, and the actual patterns) of v| 
only be surmised from fj-anscripnonalfik 
include EBNA 1 , the virus genome m; 1 
a protein thought to be involved in si_ 
these, EBNAi is protected from presen 
may not be displayed efficiently f|or ^ 
rions are themselves downregulatpd 
the virus's ability to reactivate from 
cle is again unknown, but because the e 
population, it is tempting to think thai 1 
by B cells "when infil trating mucosal |s|l 
The process of reactivation and entry in 
should then render these cells once agfl 
mediated by lytic antigen-specific ef 
vims-infected individuals, and therefo 
rates of reactivation. However, it woul) 
whereby cells in EBV lytic cycle |mig 
CTL recognition, given the examples i 
both of which employ specific lytic < 
class I-processing pathway (92-94). 

CTL CONTROL OF EBV-ASS| 

The association between EBV and 
been reviewed in detail elsewhere (2! 
specifically as targets for CTL recogni 

Tmmunoblastic Lymphoma 
Imrnunoblastxc lymphoma (some 
ferative disease) is a B cell tumor 
compromised patients (9)- The ] 
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il infiltrate may enhance local B cell 

jd grjp^i-tiansfonned B cells seen 
I controls presumably by the primary 
C>cculrsm viral load (2). However, 
^11 pool,' and a key event in the estab- 
fersipri of some growth-transformed 
>ncomitant downregulation of many 
Lte the* major targets for CTL attack, 
ieve mis switch are completely un- 
rotein expression thus produced can 
(4W,88)- The pattem appears to 
Lcelproteinpi, 32), and/or LMP2, 
of the latent state (89, 90). Of 
>ntot±>8 + CTLs (30), while LMP2 
letecioin if antigen processing func- 
B cell (91)- What determines 
:nUy|mfected reservoir into lytic cy- 
red are a mobile recirculating 
'sioloWcal signalSj perhaps received 
Sees, may be used as the trigger (2). 
la program of lytic antigen expression 
IkiseqStible to CTL control, this time 
%. Sujch CTLs clearly are present in 
uo CTLs have the potential to control 
pt be surprising to find a mechanism 
I some stage become protected from 
rpes simplex and cytomegaloviruses, 
products to interfere with the HLA 

I 

lTED tumors 

reasing range of human tumors has 
re wp focus on these malignancies 



,ed posttransplant lymphoproli- 
;urs frequently in T cell immuno- 
that yhiese tumors are composed of 
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EBV-transforrned LCL-like cells exp 
proteins (95-97) had two importantj 
can indeed be directly oncogenic[ih y: j 
outgrowth of EBV-transforrned ceUs jwj 
control. The latter has now been! J 
100), well ahead of the laboratory ( 
regression of LCL outgrowth in severe 
Thus in bone marrow transplant patienl 
donor B cell origin, the adoptive transfr 
cells (98) or, more importantly, of p yi 
rations (99) from the donor canjrapic 
adoptively transferred CTL preparatiq! 
reduce the EBV load hi the B cell sy: 
phoma development (99 7 1 00). Anjes^ 
applied to solid organ transplant; pjrogri 
phomas would be of recipient Bs cellj 
by in vitro reactivated recipient pnj; 
rations could be made from the patiep) 
transplantation. : j 

Burkitt's Lymphoma \ 
Burkitfs lymphoma (BL) is anuinusaa 
dence endemic form is consistently jEl 
matching LCLs, those BL cell ln£es|(iijj 
notype were essentially nonimmunOjge | 



EB^specific or even aUorcactn|e Tj c* 
cell lines were clearly not recognized \x 
specific CTLs (103). The latter rpult| 
to cytolysis because flic same lines we 
(104) and could also be seiisitizedjltoj 1 ^ 
of a relevant epitope peptide (10^). j 
Several coincident features of ;BL c 
logically silent phenotype. Thelinab: 
probably reflects me absence or|yery 
on the BL cell surface, in particular^ 
adhesion to T cells via the LEA ||, and 
and B7.2 (107; AB Rickinson, unpul 
signals to T cells via CD28 ligation (1 



ig i le full spectrum of virus latent 
ic4tions. First, it showed that EBV 
ledorld, it strongly suggested that the 
± tie Beversed by a restoration of CTL 
sally proven in clinical practice (98- 
icticb demonstrating CTL-rnediated 
abined irnrnunodeficient mice (101)- 
/herejthe lymphomas that arise are of 
' lejrof peripheral blood mononuclear 
^activated EBV-specific CTL prepa- 
rvcrsc tumor growth. Furthermore, 
>uidklso be used prophylactically to 
thereby reducing the risk of lym- 
iall4 similar strategy could also be 
. except that here any emerging lym- 
(gjn and would need to be targeted 
.wnetle necessary, such CTL prepa- 
3 lymphocytes cryopreserved before 



of the BL surface phenotype is 
the CTL is preacttvated and its 



a bar 



cell surface; in such circumstances the 



Jliihood tumor that in its high inci- 
-ppsiive (2). In marked contrast to 
etair ed the original tumor cell phe- 
i in \itro, unable to stimulate either 
liresponses (102); furthermore, such 
Lci-sldmulated preparations of EBV- 
1 ? not due to any inherent resistance 
dllecL by some allospecific effectors 
■specific lysis by exogenous loading 

appear to contribute to this irnmuno- 
j to jstimulatc CTL responses in vitro 
I v exjiression of ancillary molecules 
VII and LFA3 (106), which mediate 
12 pdfeways, respectively, and B7-1 
;d iiaja) which deliver costimulatory 
jngly, none of these aspects 
CTll recognition per se, providing 
target structure is presented at the 
Ipr target interaction appears to be 
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stabilized through ancillary adhesions | 
ligand constitutivcly expressed fer BL 

The inability of EBV-specifkj 
two additional features of this Hfrn' or - 
ulation of the vital genome suchjthai 
detectably expressed in BL cells (lp? 
ered impairment of the HLA class I ai 
the vaccinia- vectored expression] of " 
the EBNA3 proteins) within BL c^lls _ 
CTL recognition, whereas lysis is oh 
transport arc bypassed through exp 
to an ER signal sequence (1 1 0). Tjjh<j: 
low expression of the TAPl/TAP^!gen< 
BLcell extracts are often barely d^etejcl 
expression of the HLA class I geiiesJ s 
<25% of LCL values (91, 110):|knl 
and HLA expression, can be rcstme^ i 
y treatment or, more incerestingH, p: 
latent protein LMP1 (91). LNffi| is 
through which file virus drives rating 
be central to the whole viral stratef ~" 
system (2). Its coincident ability^, 
can also be seen as advantageous 
accrues if the virally trausformerJ|c 
were immunologically silent and^i 

It is intriguing that BL, a viraUy|as 
sic immune escape phenotype, I| 
negative cases of this samemdigha_ 
endemic areas) show the same downrefj 
surface and the same deficiency |m|i 
munologically silent nature of B,i|. j 
the particular progenitor cell from j 
B cell) (111) than of the tumor's wira 
latency displayed by EBV in BL isjpp 
tion but may reflect the virus's ho 
stage of differentiation. 

Nasopharyngeal CarcinomA 
Disease (HD) || 
All cases of undifferentiated NP< 
low incidence areas arc EBV gejiomi 
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rolviiig ICAM2, an alternative LFA1 
(105). 

cognize BL targets reflects at least 
; is the well-documented downreg- 
ttjjly a < Jingle viral protein, EBNA1, is 
The second is a more recently discov- 
igen presentation pathway itself. Thus 
''nmur iogenic antigen (such as one of 
Idoesjpot sensitize the cells to specific 
led if [antigen processing and peptide 
!of the minimal epitope peptide linked 
processing defect is associated with 
;uchthat levels of the TAP proteins in 
|comparedto LCLs, and also with low 
At cell surface HLA class I levels are 
|procpssing function, as well as TAP 
'"BL cell lines either by interferon 
sdiated expression of the EBV 
be the major effector protein 
*Hs uko growth (1) and, as such, must 
icient amplification within the B cell 
Lte the antigen processing pathway 
virus, however, because no benefit 
it initially disseminate the infection 
i able to grow out and kill the host, 
atedjftuinor, should display the clas- 
[eij- it ij worth emphasizing that EBV- 
i tsing las rare childhood tumors outside 
1 ttion if ancillary molecules at the cell 
jgen processing (2, 91, 1 10). The im- 
1 Fore more likely to be a reflection of 
me tumor arises (a germinal center 
isbciatipn per se. Likewise the form of 
essarllymeproductofimmune selec- 
t aactiJn with B cells at that particular 



) diul Hodgkin's 

high incidence (Southeast Asia) and 
lo&txve, as arc at least 40% of cases of 
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HD worldwide (2). Given that EBy-st 
reactivated in vitro from the bl opd pf 
again implies an ability of these 



CE & Co 



c memory CTL responses can be 

fc snd HD patients (112, 113), this 
a&MAAA „ ^ ^ _ r , tjp grow in the face of CTL surveil- 
lance, mimunohistochemical analysis c f fresh jbiopsics or of archival tissue in 
fact indicates that in both types c f tiim< ij the malignant cells express many of 
the adhesion and costimulatoryj r lolccu fljSncojssary for effective interactions 
with the T cell system and also jciispU y.ft. TWjP-positive, surface HLA class 
I-positive phenotype (114-117), iThis r ~ J 



tions are intact Furthermore, rkerit shj diSs wi|h HD cell lines (albeit derived 
from EBV-negative cases of the 'iiiscas ;) |havc|also confirmed their ability to 
present vector-expressed viral aniens for CTL recognition in vitro (SP Lee, 
AB Ricldnson, unpublished daia).j | 11: I 

A key feature of both NtC and HD dm fijjet the viral phenotype. Just as 
in BL, these tumors constitutive^ expresjj EBljjAl, but the remaining nuclear 
antigens (including the immrniodiirninar tEBNA3A, 3B 3 3C proteins) are down- 
regulated. Unlike BL, however, [IjjiPl isidetectable in the malignant cells in 
at least a proportion of NPCs and in|eve rypB^positive case of HD, while the 
evidence from transcription stujdjles sug gtjsts thjat both types of tumor are con- 
sistently LMP2-posiiive (2). With regai djjto thdsc two virus-coded membrane 
proteins, there arcocxasioTOlrejpoijtsjof C rjjL memory to LMP1 in virus-immune 
donors ( 1 8), but as yet the sr/ecmcity of ; tiHse responses has not been confirmed 
at the epitope level. By contrast! j an in Rasing number of CTL epitopes are 
being defined in LMP2 for a range o ' HLA llass I alleles such as A2.01, 
A2.06, All, A24, and B60, which are r riiftively common in Caucasian and/or 
Southeast Asian populations (27, Upj. Fi irffiermW these epitopes are generally 
conserved among type I and type]2 EB" >^#ola^s worldwide (27, 29), another 
factor favoring their potential rale as rgcts for a CTL-based tumor therapy. 



The inability of the CTL system 



may be due in part to the inherent weal 
may also reflect some local cytDkine-m 
in the vicinity of the tumor itsel f| |An ifl 
that EBV-specific CTLs could bejreaet 
EBV-positive HD but not frorc &e |tun 
(1 13). Hie possibility needs to bjsjkept : l 
IL10, known to be made by EB^-posi i 
irnmunogenicity (84, 119). Clejirly a 
attention, particularly if in future brie is 
therapy tor such malignancies, A key o 



ges^s that antigen processing func- 



tci rejectftt^ese potentially immunogenic tumors 
j'ss ofiLMP2-specific responses, but 
Iktedjkuppression of CTL activation 
Srtantrobservation in this regard was 
jted from the blood of patients with 
Irnnlirating lymphocyte population 
J mind that cytokines such as cellular 
JIHtt^ may a it &r tumor 

| of issues here deserve closer 
iji consider some form of CTL-based 
SI in this latter context would be 



to amplify only those components; ojfth i!EBV-|specLfic CTL response that are 



directed against viral antigens ac uaJly < xfcjressejd in tumor cells (120). 
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The ever-increasing range ofEB^-; 
ing of virus-induced immune respond es 
in the development of an effective va cci 
aim of such a vaccine would be [protccti] 
this context, it is noteworthy thai: only a 
unary infections present with clinical d is< 
however, a high virus load (a large dose 
expansion of the virus -trans formed B ce" 
be a critical determinant of disease risk (1 
a modest reduction in EBV loadf during jj 
avert clinical symptoms. Similarly, va . cc L 
risk of lymphoproliferative disease in par 
recipients, who frequently sustairiprini; 
organ or from associated blood jbransfuL 
tumors such as BL, NPC, and HOD msL 
infection, and protection from these lcjnj*| 
vaccine that ideally conferred sterile " ! 
of the carrier state. [j 

n j^ evc ;jLp iricn t 3IC currently being con- 
sidered. The first seeks to exploit the rriljor^yelope glycoprotein gp340 as 
the immunogen, a strategy based niitiall^llupoiithe observation that this glyco- 
protein is the principal target of tjje vajusMeati^ (5, 6). 
Various formulations of gp340 eilftier preiLncedas subunit antigen or expressed 
from recombinant viral vectors arp prote|tLye gainst EB Vinduced B cell lym- 
phoma in the tamarin (121); the niecharu|jm o|protecuon in this animal model 
is not yet clear but appears to bej duej tpj|Ji combination of antibody and cell- 
mediated responses, with recent results 
(122). Encouraged by the success of thr 1 
trial has been conducted in China usd* 
Sixteen months after vaccination all chid] 



Jed disease and our better understand- 
getner have led to renewed interest 
te. hi western societies the principal 
ro?p infectious mononucleosis. In 
opo|tipn (up to 50%) of delayed pri- 
~7hy this should be is not known; 
orally transmitted virus and/or over- 
oolfbeyond a critical threshold) may 
Therefore, a vaccine achieving even 

afyi infection may be sufficient to 

atioAmay also reduce the immediate 
its sujch as pediatric liver transplant 
EB$ infection from the transplanted 
>)| In contrast, EBV-associatcd 
Jcnts years after their primary 
(consequences would require a 
id prevented the establishment 



mgglsung a role for specific CTLs 
t ani* ln^1 experiments, a first vaccine 
a live |vaccinia/gp340 recombinant 



EBV-infected in the normal wayf [[detect! k by kntibody responses to the virus 
. ■ j /r * m ..j ! u te\ i — !1L_* t< ta| chilorcn remained anti-VCA 



6/9 va< 



capsid antigen (VCA)], wherea 
antibody negative (123). This re^lt, if c jrnlrmejd, is important because it im- 
plies that in some vaccine es the rJeutraiizj kg antibody and/or cellular responses 
to gp340 had indeed induced sterile imm niijtyj&t least in the short term. 



An alternative approach to vai 
EBV-specific CTL immunity, 
per se but to limit those events 
virus replication in the orop] 




:n -in the control group had become 



Sent is based On the induction of 
l i^Bcjt to prevent primary infection 
unnaeidiately postinfection, namely 
the, [expansion of virus-transformed 
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B cells within the lymphoid pool, yvs jcyii&ww*jaii nwi* .t.«~~ \ — v 

any CTL-based vaccine strategy ill Kojward immunization with com- 

binations of defined epitopes. A first st^MwaiA this goal is to use formulations 



As rev fwed^in more detail elsewhere (124), 



of synthetic peptides! that mimici | rnmurif 
ognized by the natural viius-induocd (Hj 
trial is currently underway in onc|c>f que 1$ 



( 1 24). This vaccine formulation is 
cytomegalovirus model, where prc lection 
strated following administration! of a 



come using appropriate mixturesji f syn. 
ing vectors to express; polypeptides in w] 
linearly joined together. Somcwr^tunpL 
tope sequence was expressed with i cells': 



Lt epitopes known to be rec- 
. . . ^ inse. Indeed a human phase 1 
oratories (DJ Moss) using the HLA- 



B 8-restricted epitope "sequence Fli EIGIuSjL (EBNA3 A 325-333) formulated 
in the water-in-oil emulsion, Moniariide 1 ISA 7&q, and tetanus toxoid as helper 
/n>f\ TT-ki*- fAmiiia^rtTi itViASflri'iHi nrmlciples established in the murine 

as challenge could be demon- 
tunizing dose of an irnrnim- 



odominant CTL epitope peptide (125 1J ;|pviousIy one of the major obstacles 
of any peptide epitope approach to j raccmafton iri humans is HLA polymorphism 
because epitope choice is allclc-sp^cifilc.! Kowe|eV t this obstacle might be over 



ic cjsrtopc peptides or by construct- 
th| relevant epitope sequences are 
tedry, when such an EB V polyepi- 
alrcJcombiriant vaccinia vector, all 
Sxlbd for CTL recognition (126), 
^ccine strategy- More recently, 



of the constituent epitopes were e1 itientlyj 

indicating the potential of this ap; >roaekkiB a X^cjcmg ^urogy- wvi* i*v*ii«jf, 
work in a murine model has showd tfa&J jc^l&i of Several CTL epitopes combined 
in a polyepitope construct was ^ablijo;f||UcitiUg a CTL response in vivo and 
could protect the animals from sol se<pir||chaiWge (127). In the longer term, 
it may be possible to combine flle gn3^bas[ejd and the CTL epitopc-bascd 
approaches to EB V vaccination bj 
important immunogenic domain* 



one r J ' 



FUTURE DIRECTIONS 

1 

EBV is a complex virus that can 
and, depending upon the identity 
initiate lytic infection or establish 
i revolving a different program of yi ral ani 
immune response are I therefore likely 
the viral life cycle. As described her 
particular facet of host ixnmunityj he 
latently infected growm-transfoxn ed _ „ 
nisms that, though less accessible fsxpeEmij 
important Thus HLA; class ll-rcst ictejl jG 
but their antigenic specificities are at ^rjej 
little is yet known abo'ut CD4 + pijc lifesatij 



erapiig a chimeric protein that fuses the 
iM&witha CTL polyepitope sequence. 



.east, 



i 

if! 

eijii-jj. 

:ebrj]TL 



different cell types in vivo 
and its situation, can cither 
ferent forms of latency, each 
sion. Different arms of the 
I control at different points in 
jprk has concentrated on one 
[-restricted CTL response to 
£he expense of other mecha- 
may nevertheless be equally 
,__jonses to EBV are detectable, 
_ ri>orly defined (15). Also very 
responses, apart from some 
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preliminary studies with indiviL. 
could play an important cytokinj; 
control over lytic cycle mfectiohp . ^ 
tention, and as yet little is know l about 
lytic cycle antigens or about Hie abtigen-ri 
cells 




popuiaf 



identified as reactive|T cells (6 
fection and its relationship to 
Closer examination of IM T c 
reactivities that serve either to 
of these reactivities may well 
with other agents su^h as HIV 
a mononucleosis-like syndromej 
mon immimopatholojgical elemen in e; 



young boys with thejX-linked ^ 
infectign induces a cellular resj 
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iintigens (128-130); yet these 
Jin vivo. The question of CTL 
ig to receive long-overdue at- 
[entity of the immunodominant 
function of tytically infected 



It is now two decades siucd tbe a*ym& jj^phocytes in IM blood were 



classical IM, yet the disease prj 
what appears to be a cytokine-i: 
13 1). The awaited cloning of t 
to the pathogenesis of IM itself. ^ 
to EBV-induccd irnmunQpatholoL 
may be mediated by Ithe virus-sj£| 
ered examples of molecular mimic, 
structures and certain self-peptitiL 
unpublished data) not only have irr 1 
but also may be veryj iraportantji 
diseases (125, 132, 133). 

It is likely that EBV will rema 
the induction and maturation oft 
ticular persistent infe ction. Th^ 
latent cycle antigens needs to \ 
casian) HLA backgrounds and erf 
which the EBNA3A, 3B, 3C prbt 
1 counterparts. If the hierarchyjj 
is a general phenomenon, what )~ 
processing in LCL cells? Mor) 
from processing enjoyed by the 
whereby a glycine-alanine copo 
now seems likely, EBNA 1-speci fji 
in at least some virus-immune' A 



yet the lelluSar response to primary EBV in- 
— pMogerlesis are still poorly understood. 
* ' " ay reveal novel virus-induced 
pr<!|ong the disease process. Some 
-specific, because primary infection 
rus can also sometimes induce 
(cellular response may include com- 
- %|ln rare individuals, especially 
lliferative (XLP) syndrome, primary 
is Ostensibly similar to that seen in 
a fatal conclusion, culminating in 
* njction of hemopoietic tissues (2 S 
coukl yet provide important clues 
:ecoon for future work again relates 
tinlejto the possibility that damage 
fionse itself. Recently discov- 
^oatc EBV peptide/HLA target 



lphopz 



one i 



iplSxes (60; SR Burrows, DJMoss, 
Iflas irJMe context of allograft rejection 
lis of particular autoimmune 



iffcrenj 
fexa 
►then 
sins i 



Lltl 



rdor 

>hl4 

Drs. 




tcipal paradigms for study of 
lOnSCs to viral infection, in par 



aunogenicity apparent among 
||he context of other (noncau- 

s especially type 2 strains in 

atigknicaily distinct from their type 
jjodominance observed to date really 
atiSbut the biochemistry of antigen 
lly, now complete is the protection 
irotem and what is the mechanism 
imjftrovides such protection? If, as 
LSd ^restricted CTLs are detectable 
iow Irere they elicited? Are EBV- 
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specific CTL responses actually; mduGL 
in vivo or by a different antigen-jj 
r the in * T 



Questioning the in vivo relevance o: 
the EBV literature, not least in tfaef fielL 
this reflects the abspoce of a gp|>d ad 
infection and persistence more closely] « 
on experimental infection of cert£n 1 
such a model existed, one coulajfoppej 
immune responsiveness by cell depietio 
importance of these different com^onr^ 
In this context it is very intcrestixg ( 
actually carry their c wn B lymphotroni 
to EBV in terms of g enome stroctwre (j 1 
ability, and that ard likewise kept id 
in vivo (135). Not only dges tiie 
our understanding o: ? tlie evolution io 
establishing tractably models tha 
of EBV infectign in humans, 
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Abstract L 

i 

An ELISPOT assay to detect and determine the mlmbcr of anti fi en specific CD8* T cells was standardized using 
cloned murine CDS^ T cells specific for the epitope SYVPSAEQI of a rodent malaria antigen. This assay is based 
on the detection of IFN-y secretion by single cells after their stimulation with antigen. The interferon secretion is 
' < < - .anti-lFN-y monoclonal antibodies. Using known numbers of 



visualized as spots revealed by usinfi enzyme labeled - , - - 

cloned murine CD8 + T cells it was determined that the assay detects S0-95<& of these CD8 T cells. The optimal 
culture conditions for the simulation of the CDS - T cells were determined and the antigen concentration, number 
oi antigen presenting cells and supplement of growth factors required to perform the assay were defined. This 
ELISPOT assay can be performed with spleen cells' from immunized mice, and provide the precise number of 
antigen specific CD8 + T cells present in mixed lymphocyte populations. This method is more sensitive than the 
chromtum^l release assay, and much simpler than Ithc conventional precursor frequency analysts, providing the 
number of antigen specific CDS" T cells in 36-46 h.i 

Keywords: CD$* T cell; ELISPOT: IFN-y; Synthetic peptide: Recombinant vaccinia vims; Malaria 



I. Introduction 

CD6 + T lymphocytes mediate one of the mo^jt 
important effector mechanisms of immunity 



Abbreviations: CS. circumsporozoitc: PVCS. rccombinaiit 
vaccinia virus; IFN-y, interferon -y; MHC major histocompat- 
ibility complex: DMEM. DulbeccO'* modified eagle medium: 
PB5/T, pbospli^tc-buffcred *aHn= containing n.0sw Twecn 
20; APC, untieen prcsenimg cell. 

" Corresponding author. Tel.: <2 12) 163 6760: F 
(212)2638] 1ft. 
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against intracellular pathogens such as viruses, 
bacteria and parasites. These T cells recognize 
small peptides, derived from microbial antigens, 
which are presented on the surface of infected 
cells by class 1 MHC molecules. 

Investigations on the mode of induction, and 
persistence of antigen specific CD8 + T cells, have 
been severely hampered by the lack of a simple 
assay capable of providing reliable quantitative 
data on these T cells. A widely used method for 
the detection and measurement of cytotoxic 
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CD8 + T cell activity is the 5, Cr release assay 
(Grabstein and Chen, 1980). This assay provides 
semiquantitative data and is most useful for the 
detection of cytotoxic T cells. However, the Cr 
release assay is inadequate for studies which re ; 
quire the determination of the number of anti- 
gen-specific CD8 + T cells in a mixed lymphoid 
cell population. The best assay currently in use 
for such quantitative studies is the precursor fre- 
quency analysis, using the lirniting dilution tech- 
nique (TaswelL 19Sl>. While it is generally ac- 
cepted that this is an excellent method, its use is 
severely limited by the fact that it is very time 
consuming and laborious, and therefore unsuit- 
able for studies which require the simultaneous 
comparison of several sets of experimental data. 

We report here the standardization of an al- 
ternative method to determine the number of 
antigen specific CD8 + T cells. This method was 
adapted from the ELISPOT assay described for 
the detection of mitogen activated CD4 + T cells 
(Taguchi et aL, 1990) and is based on the visual- 
ization of IFN-y secretion by single CDS*** T cells 
after cheir in vitro stimulation with antigen- The 
lPN-y secretion by individual cells is visualized as 
spots revealed by using enzyme labeled anti-LFN-y 
monoclonal antibodies. Using cloned murine 
CD8* T cells, which recognize a well defined 
epitope, we determined the optimal conditions 
for in vitro culture, antigen stimulation and de- 
tection of IFN-7 secretion by CD8 + T cells. This 
assay is a rapid, highly sensitive method providing 
a quantitative assessment of the number of acti- 
vated antigen specific CD8 + cells. It differs ui 
some important methodological aspects from the 
originally described ELISPOT assay used for the 
enumeration of flFN-y secreting CD4 + T cells 
(Taguchi et al., 1990; Xu-Amano et al. f 1992). 



2, Material and methods 

11. Cells and cell culture medium 

The CD8" T cell clone YA26, derived from a 
BALB/c (H-2 d ) mouse irnmuruzed with Plas- 
modium yoetii sporozoites, was used throughout 
these experiments- The generation, the antigen 



specificity and the conditions for in vitro culture 
of this T cell clone have been described m detail 
c Sere (Rodrigues et al. 1»U«?X Bnrf* 
YA26 cells were cultured in DMEM high glucose 
(Gibco) medium, supplemented with 10% teta 
calf serum (FCS), 10 rnM Hepes, 2% EL^ eel 
supernatant, 1(T 5 M 2-mercaptoethanol (2-ME) 
a^d 2 mM L-glutamine. PS15 celb (H-2-) were 
used as target cells for both the 51 Cr release and 
the ELISPOT assays. The supernatant used 
as source of interleukins was obtained by stimu- 
lating EL-4 cells with PMA. It was used at a final 
concentration of 2% which contains 30 U of 
IL~2/mJ. 

2.2 ELISPOT assay for the detection of IFN-y 
producing YA26 cells 

96-well nitrocellulose plates (Miiititer HA, 
Miliipore, Bedford, MA) were coated with 10 
ug/ml of the anti-mouse IFN-y mAb R4 (from 
the American Type Culture Collection, Bethesda, 
MD), in 75 pi of phosphate-buffered saline (PB5). 
After overnight incubation at room temperature, 
the wells were repeatedly washed with culture 
medium and 300 jil of DMHM high glucose, 
containing 10% FCS and 10 mM Hepes, were 
added to each well for 1 h at 37*C Known 
numbers of CD8 + T cells of the YA26 clone were 
then suspended in culture medium and placed 
into the antibody-coated wells_ 

PS15 cells were incubated with the synthetic 
peptide SYVPSAEQI, for 1 h at 37°C After 
repeated washings with culture medium, these 
pcptide-pulsed P815 cells were irradiated, and 
added to the ELISPOT wells. P815 cells, not 
pulsed with peptide, were used as controls of 
antigen independent IFN-7 secretion. 

After incubation at 3TC and 5% CO a for 
24-28 h, these plates wctc extensively washed 
with PBS containing 0.05% of Tween 20 (PBS/T). 
The wells were then incubated with a solution of 
5 iig/ml of biotmylated anti-mouse IFN-y mAb 
XMG1-2 (Pharmingen, CA) in PBS/T. The plates 
were incubated overnight at 4°C washed with 
PBS/T and then 100 u.1 of peroxidase-labeled 
streptavidm (Kirkegaard and Perry Laboratories, 
KPL, Gaithesburg, MD), at a 1/800 dilution m 
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PSS/T, were added to each well. After 1 h ; 
incubation the wells were washed twice with ; 
FBS/T and twice with PBS. The spots were dc- : 
veloped by adding 50 mM Tris-HCJ a: pH 7.5, , 
containing 1 mg/ml of the substrate 3,3'-di- 
aminobenzidtne-tctra-hydrochloridc dihydratc , 
(DAB), and 5 ftl/10 ml of 30% H 2 0 2 to each 
well. After 10-15 min the number of spots were 
determined with the aid of a stereomicroscope. 

2.5, Chromium release assay 

The chromium release assay was performed as ; 
described elsewhere (Rodrigues el al-, 1991). j 
Briefly 10 6 P815 cells were labeled with 250 ^Ci , 
Sl Cr in FCS, for 1 h at 3>VC YA26 cells were 1 
incubated, at different ratios, with 2.5 X 10' Cr j 
labeled P815 cells per well, in the presence or ; 
absence of 10" 7 M peptide SYVPSAEQI. After 
5 h of incubation at 37 a C the supematants were 
collected with the aid of a semi-automatic har- 
vester (Skatron, Sterling, VAX and the number of 
counts determined. The percentage of specific 
lysis was calculated as previously described 
(Rodrigues et al., 1991). 

2 A. Immunization of mice with a recombinant 
vaccinia virus expressing the SYVPSAEQI epitope 
and determination of splenic antigen specific CDS * 
T cells by the ELISPOT assay 

In experiments designed to determine the 
number of CDS* cpi tope-specific IFN-y secret 
mg T cells, groups of three BALB/c mice were 
immunized up. with 5 X 1(1 7 pfu of recombinant 
vaccinia virus expressing the P. yoelii CS protein 
(PYCS) (Li et al., 1993). 11 days after the immu- 
nization, the mice were killed, their spleens re- 
moved, and the number of epitope specific IFN-y 
producing cells determined. We used freshly iso- 
lated spleen cells and also further in vitro stimu- 
lated spleen cells. Different concentrations of 
freshly isolated splenocytes, starting at 5 x 10' 
cells/wel[> were screened for antigen specific 
CD8 + cells using the standardized ELISPOT as- 
say. In addition, 5 X 10 7 spleen cells of the same 
pool were expanded in vitro for 6 days with 
3X 10° P815 cells pulsed with W y M peptide 
SYVPSAEQI. After this expansion, a series of 
different concentrations of these splenocytes. 



starting with 1.25 X 10 5 ceils/well, were analyzed 
by the standardized ELISPOT assay. 

25. Precursor frequency analysis 

BALB/c mice were immunized with 5 X 10 7 
pfu of recombinant vaccinia FYCS, as described 
for previous experiments- 30 days after immu- 
nization, spleen cells were used to perform the 
ELISPOT assay and the precursor frequency 
analysis. The ELISPOT was performed following 
the procedures described for the previous expert 
menis. The precursor frequency analysis was per- 
formed as previously described (Ceredig et ah, 
1987). Briefly, 0, 150, 300, 600, 1200 and 2400 
spleen cells from immunized mice were cultured 
with 1 x 10 5 irradiated syngeneic normal spleen 
cells and 2 x 10 s irradiated peptide-pulsed P815 
target cells, in 96-well flat-bottom culture plates. 
As culture medium, we used DMEM supple- 
mented with 10% FCS and 2.5% EL-4 super- 
natant. At day 8, the contents from each well 
were split into 96-well round bottom plates coyest 
the cytotoxic activity against peptide-pulsed Cr 
labeled P815 target cells. As control, we used 
radiolabeled target cells not pulsed with peptide. 
After 6 h the 51 Cr release was measured and 
cultures were considered positive if the level of 
specific s, Cr release was greater, by three stan- 
dard deviations, than the release detected from 
radiolabeled target cells incubated without spleen 
cells. The frequency of antigen specific CDS' 4 " T 
cells was calculated as previously described 
(Quintans and Lcfkovits, 1973). 



3. Results 

3. L Sensitivity of detection of cloned CDS + T cells 
by the ELISPOT and by the s, Cr release assay 

A murine CD8 + T cell clone, YA26 ? which 
recognizes a class I MHC restricted epitope 
(SYVPSAEQI), of the CS protein of P. yoelii 
(Rodrigues et al., 1991), was used to determine 
the level of sensitivity of detection of antigen 
specific CDS* T cells by the ELISPOT and the 
5l Cr assay. 
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For this purpose known numbers of cloned 
CDS- T cells were incubated in nitrocellulose- 
Sed culture wells (ELISPOT wells), with anti- 
?n (pept^ated P*l5 target cells. These wells 
Cd eariier been coated with mAb to munn' 
IFN-y. as described (Taguchi et ^ Jf^*™* 
24-28 h of incubation at 3TC and 5% C0 2 , the 
tells were washed, incubated with b»ot<nylated 
anti IFN-y antibody, followed by the addition ot 
avidin-peioxidase and a peroxidase substrate 
3 Js seen in Fig. 1 (top panel), we obtatned an 
excellent correlation between the number ot 
cloned CD8 + T cells placed into each well and 
the number of IFN-y spots. In fact, this assay 
detected between 80 and 95% of the cells of a 
given well. We found that addition of an EL-4 
supernatant to the culture medium, to provide a 
supplement of interleukins was ^portanttc » en- 
Je optimal production of IFN-y by the CD** T 
cells In the absence of the EL-4 supernatant, the 
number of spots, we detected, accounted for only 
50-60% of the total number of the CD8 cells ot 

The IFN-y spots, detected by this assay, were 
clearly antigen specific, since few or no spots 
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Nunihrr or vyiu rell«/««-|l 
Fib- Z Number of antiBen-spedfie IPN-? producing CDB* T 
cells delected antigenic stimulation in vitro for either for 1 or 
7 days YA36 CDS T T cells ««* stimulated with anHsen r«r 
1 d^and then transferred to ELISPOT J"""^ 
after mfcin* .hem with P815 target eel* ; pulsed ^ ««£ 
without peptide (T). Jn another series, YA» CDS T cells 
Tere sM(« -Mi antigen for 7 da* and th«. olaeed .mo 
ELISPOT wells immediately after addins P81S «"* P^f ^ 
»rtb (v) or without SYVPSAEQ1 peptide <D). Each pomi 
represents the mean Of triplicates ±SE. 



were observed upon incubation of the CDS* T 
SSl5 Tget cells, 
nemidc (Fig. 1 Cmiddle panel)). Thus, the pres- 
et of Seen Spears to be essential to mgger 
Sn- y prodlction; while the k"*^*? 
vWed by the EL-4 supernatant, though not strict* 
necessary, significantly improve production of th* 

Sparing the sensitivity of the ELISPOT 
(FigTctop panel)) with the sl Cr release assay 
Fit I (bottom panel)), it became dear that im- 
dJr ootimal conditions the ELISPOT can detect 

as Stle Z 20-30 antfcen-speeffic CD8 lympho^ 
cvtes per well- In contrast, 10 s or more of these 
CD8* cells were retired to produce a clear 
signal in the 51 Cr release assay. Most <m portan £ 
the FI1SPOT allows the deteraunation of the 
number of antigen-specific cells, which can not be 
done by the use of the chromium-release assay. 

? 2 Optimal conditions for thz antigen stimulation 
of CD8 - cells in the ELISPOT <wey 

There are significant methodological differ- 
ences between the earlier described ELISPOT 
assay for the detection of IFN-y * cdte 

(Taeuchi et al„ Xu-Amano et aL, 1992, Di 
Fabio et i 1994) and the EUSPOT we stan- 
dardized for the detection of CDS* T cells. In 
the previously described ELISPOT assays, the T 
cells arc first stimulated with mitogen or antigen 
in standard culture plates, during 1 day or more, 
Pl«ed P in the ELISPOT wens. In 
contrast, we found that antigen-specific IFN-y 
secreting CD8 + T cells can only be detected if 
they are placed in the ELISPOT wells, immedi- 
ately after being mixed with antigen-coated target 
cells ie without pre-incubation in a standard 
Sre pia" As shown in Fig. 2. if CD8+ T cells 
arc .stimulated with antigen 1 or 7 days before 
being placed in the ELISPOT wells, the , y-mt 
feron spots can not be detected, unless these cells 
are mixed with antigen coated target cells just 
before being placed in the ELISPOT wells. 

The number of detectable spots produced by 
antigen specific CDS* T cells is stncUy depen- 
dem on the concentration of antigen used to 
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Fig 1 Optimal concentration* of peptide SYVPSAEQl far 
the detection of CDS* YA26 cells by the ELISPOT 
Variable number of YA26 cells perwcIJ were incubated with 
10 s P815 cells pulsed wirti different concentrations of pe-pride. 
The peptide was used a< concentrations or 10 M 10 
M (*). l<T N M It). 10-" M (a) and IIP'* M (*). Each 
point represents the mean of u , iplt«nes± SE. 

pulse the P315 cells. As shown in Fig- 3, a maxi- 
mal number of interferon spots can be detected 
when target cells are pulsed with peptide concen- 
trations ranging from I0" fl to 10" M M. A signifi- 
cant decrease in the number of IFN-? spots, or 
their absence, occured when peptide concentra- 
tions of I0" g or It)" 10 M were used, respectively. 

5.5. Sensitive detection and enumeration of CDS " 
antigen specific T cells 

The number of antigen presenting cells (APO 
used in the assay is also an important variable. 
Their optimal concentration appears to be 10- 
P815 cells per well. The use of cither a larger or 
smaller number of target cells decreased consid- 
erably the number of lFN-y spots <Fig. 4). 

The type of antigen presenting cells used in 
the ELISPOT assay appears to affect only to a 
small degree the generation of IFN-y spots. As 
seen in Fig. 5, the best APC for the activation of 
the Y26 CDS' T cells appears to be the P815 
mastocytoma cell line. However, rather similar 
results were obtained when we used other types 
of APC such as the macrophage cell line 
(ATCC: TIB-67), or the B-cell lymphoma derived 
A20 cell line (ATCC: TIB-208). 
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FiJ 4 Effcd of the number of aiuigen-praseiiting eclfc (PSt5) 
on Uc number of IPN-y producing cells feuoed I by the 
3* + ELISPOT B3$sy. Twenty to 1» YA26 eel* were 
Abated with 10* f). 10 s <*> or 10 3 CO P815 

ceils pnUcd *>th peptide SYVPSAEQl at a cwK*m*itoii t of 
I0"! rt M. Each point represent* the mean of Triplicates i^B- 

| 

3.4, Detection of antigen-specific CD8 + T cells in 
th i spleens of immunized mice 

jwiih a view on the use of this assay for the 
detection of antigen-specific CDS* T cells of 
immunized mice, we determined the possible in- 
fluence that unfractionated spleen cells may have 
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Fid S. ELISPOT assay performed osmg different type? f 
*X*n pernio* eclb (APC*). 100 YA26 CD8 + T cclfc 
we're incubated with 10* APC of different cell type* fj*15 
A20 or J774) express the H-iK d MHC molecules. With 
each cell line the assay was performed in the wwwwe *nd 
absence of peptide. Each bar represents the mean of dupli- 
cates ± SEL 
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Fig 6. The presence of nniv« spleen cells dn« n« ^ lc J^ 
Hith the privity of cb* CDS" EUSPOT assay. 100 YA26 
cells plus 10 s P815 ccth, pulsed with 10 "* M peptide, were 
incubated with various number of spleen ceils obtained fiom 
normal BALB/c mice. Each poicn represents ihe mean or 
triplicates ±SE. 

on this detection. A constant number of cloned 
CD8 + T cells and pep tide-coated target cells 
were incubated with varying numbers of naive 
spleen cells. As can be seen in Fig. 6, the pres^ 
ence of variable, even very large numbers of 
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spleen cells did not affect the TFN-y secretion by 
CDS* T cells, in this assay. 

L Ln used this ELISPOT to determine *e 
number of antigen-specific CD8 + T cells m the 
Xn Of mice immunized with a recomWnt 
vaccinia vims expressing the epitope S YVT- 
S AEQJ in the context of the CS protein (li et al 
1993) Eleven days after the immunization of 
tnioe with 5 x 10* pfu of this recombinant vac- 
cinia vtrus. their splenic lymphocyte were ob- 
tained and the number of epitope specfic CDS 
solcniq T cells was determined. We used both 
fS Ven cells (immediate EUSPOT) and 
&pleen|cells after in vitro stimulation with antigen 
(ELISPOT after expansion). 

Thd immediate EUSPOT assay, performed 
with freshly obtained spleen cells, revealed the 
preserlcc of epitope-specific CDS* T cells in- 
duced Iby the immunization with the recombinant 
viruses (Fig. 7 (left panel)). Most of the IFN-y 
spots detected in the assay were antigen-specilic, 
since only very few spots can be observed when 
these llmmune spleen cells were incubated with 
target cells in the absence of antigen. Further- 
more, no antigen specific IFN-y spots could be 
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detected upon immunization of mice with ihe 
wild type vaccinia virus (not shown). Not surpris- 
ingly the chromium release assay performed with 
these freshly obtained spleen cells failed to reveal 
the presence of antigen-specific cytotoxic activity 
(data not shown). As expected, a greater number 
of antigen specific CD8 + T cells was detected 
when the ELISPOT was performed using the 
spleen cells 6 days after their in vitro stimulation 
with antigen (Fig. 7 (right panel)). 

In agreement with earlier experiments, per- 
formed with cloned CDS* T cells, we determined 
that the addition of 2% EL-4 supernatant to Ihe 
spleen cells, improved considerably the detection 
of IFN-y secreting cells. This improvement was 
particularly striking when fresh spleen cells were 
used in the assay (Fig. 7 (left panel)). In the case 
of the spleen cells expanded in vitro by antigen 
stimulation, the situation was not as clear. As 
Shown in Fig. 7 (right panel), the use of EL-4 
supernatant increased appreciably the number of 
IFN-y producing cells. However, the addition of 
the EL-4 supernatant also resulted in a signifi- 
cant increase in the number of cells which se^ 
creted iFN-Y in the absence of peptide, i.e., in a 
seemingly antigen-independent fashion. 



' j Finally, we determined the number °f an ti gen 

' specific CD8 + T cells using both, the ELtaFUi 
assay and the standard precursor frequency anal- 

1 vsis using the Limiting dilution technique. For this 
DUI pose, mice were immunized with the recombi- 
nant vaccinia virus and 30 days later their spleen 
cells were used to perform these assays. As seen 

: in Fig. S> the number of antigen specific CDS J 
cells detected by both assays was very similar. 
This result further validates the use of the 

\ ELISPOT assay for the quantification of antigen 
specific CDS * T cells. 



4- Discussion 

Here we describe the standardization of a very 
sensitive, quantitative ELISPOT assay for the de- 
tection and determination of the number of anti- 
gen-specific CDS* T cells. In order to perform 
this ELISPOT assay with the best possible re- 
sults* we standardized it by using a clone (YA26) 
of CDS + T cells of defined epitope specificity, so 
that a known number of these cells were placed 
in the ELISPOT wells. This permitted us to de- 
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terrain precisely the sensitivity of tbu, method 
and to establish optimal conditions for the in 
vitro culture and antigen Stimulation of these 

* One of the steps that appears to be crwialfor 
the detection of CDS* T cell derived 1FN^ spots 
is the need for mixing the CD8 + 1 cells and 
peptide-coated target cells just prior to placing 
them in the ELISPOT wells, avoiding the cell 
transfer and consequent loss of secreted IFN-y- 
This differs from the ELISPOT used for the 
detection of CD4 + T cells, in which it is neces- 
sary to stimulate the immune T cells with antigen 
and APC one or more days before t«nsfcrring 
these mixed cell population into the ELISPUi 
wells (Xu-Amano et al., 1992.) 

We identified additional variables which 
srcatly affect the efficacy of the ELISPOT assay 
in detecting antigen-specific CDS + cells. Our re- 
suits clearly demonstrate that addition of exoge- 
nous interleukin$ (EL-4 cell supernatant) to the 
culture medium, increases greatly the sensitivity 
of this assay. The mechanisms by which the inter- 
leukins enhance the functional activity of these 
cells remains to be determined. In this regard it is 
noteworthy that the absence of EL-4 supernatant 
during the time it takes to perform the ELISPOT , 
does not significantly impair the viability of the 
CDS" 1 " T cells (data not shown). The antigen 
concentration used to pulse the target cells, and 
the number of antigen presenting cells used in 
the assay, are also variables which influence ap- 
preciably the number of detectable lFN-y spots. 

In the context of applying the ELISPOT assay 
for the determination of the number of antigen 
specific CDS* T cells, it is necessary to establish 
experimental conditions which ensure that CD8 
T cells are the only IFN-y secreting cells being 
detected. In the case of clone YA26, which we 
used for the standardization, it is well established 
that the epitope SYVPSAEQI is recognized by 
CD8 + T cells In the context of H-2K class I 
MHC molecules, and that this sequence is not 
recognized by CD4 + T cells (Romero et al., 1990; 
Rodrigues et al.. 1994). However, when larger 
antigens or complex antigenic mixtures arc used, 
it will be necessary to exclude the possibility of 
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cLomitant activation of both CD4+ and CD8 + 

11 ™l problem can in part be circumvented by 
, sine antigen presenting cells, which express only 

lass I not cl£s II MHC molecules, such as fte 
IsiS mastocytoma cell line. As described in the 
lethcSs section, these cells are extensrvely 
hashed after 1 h of incubation with antigen, prior 
Kubation with the T cells. Under these cond.- 

lions it is expected that the antigen, introduced 
^the cutore. is all bound to the P815 target 

f 'Another alternative is to perform this assay 
iising CD4 + T cell depleted lymphoid cells. These 
CD4 + depleted cell populations can be obtained 
by (a) in vivo treatment of the immunized mice 
with anti-CD4 antibodies, or tb) in vitro prein- 
cubation of the T cejl preparations with anti-CD4 
antibodies. In our system, as expected . neither 
Lhe in vivo nor the in vitro depletion of CD4 i 
cells affected the detection of antigen-spcdfic 
bD8* T cells. In sharp contrast, when we used 
CDS* depleted spleen cells the opposite oc- 
curred, i.e., IFN-y spots could no longer be de- 
tected (Rodrigues et al., 1994). 
: The ELISPOT assay for the detection of anu- 
Wn specific CD8 + T cells, appears well suited for 
monitoring quantitatively various basic immune- 
jlogic phenomena, such as the kinetics o .»duc- 
ition of effector and of memory CDS T cells, as 
well as the organ compartmentalization, horning 
■and trafficking of these cells. This methodology is 
iexpected to have broad applications m vaccine 
'development, particularly for the evaluation of 
the immunogenic properties of sub-unit vaccines 
designed to induce CDS" T cells against intracel- 
lular microbial pathogens. Recently we have used 
this assay to evaluate and compare the immuno- 
eenicity Of various recombinant vaccinia and in- 
fluenza viruses, expressing the SYVPSAEQI epi- 
tope in different structural contexts (Rodrigues et 
al., 1994). 

In conclusion this ELTSPOT assay has dear 
advantages over the standard chromium-release 
methodology since it is more sensitive, and per- 
mits the determination of the number al 
antisen-specific cells. It also compares favorably 
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with the standard frequency precursor analysis 
which uses the limiting dilution technique, be- 
cause it is much simpler to perform, is less time 
consuming and less labor intensive, the results 
becoming available within 36-48 h. 
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SUMMARY 

There is now a considerable compelling indirect evidence lhai CD8+ cytotoxic T 
Wmphc^KS CTL) have an important role in preventing HIV infection and/or 
SKl" » AIDS. An ideal HIV CTL bascd vaccine n^ht induce CTL 
sKcifil for multiple epitopes and/or multiple epitope variants and thereby generate 
S S£ all challenge isolates w** pre-empt potcat,al escape mutant^ The 
KpUo£ or •■polytope-Ipproach, whereby multiple conu guous rnimmal CDS 
CTL epitopes arc codeiTverek in a single art.ne.ul contract l»r 
rcncutedW^own to be capable of inducing CTL specific for multiple ep«opcs. 
S Sectors including modified vaccinia virus Ankara (MVA) are currently 
tetaeS* toftelr potenltal K> deliver polytope constructs m human cl.nical 
iriuls- - . 

The polytope approach for ^J'^S^^^^W^ 
of mln gene vaccines eontaming ^'P^^'P' 10 ^,^' ,^^.S cn « w hich 
1 1993. who combined two ^^^^^^^^\^ 
coded for sequences containing Single CTL epitopes. Recently we ^nowca in« 
each e P itope q within an artificial polyepiiope (or polytope) P~ ^Les 

and tumour models (Thomson ct at., 199*1998; WO96/03 W- 
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the polyiope approach has now been shown to work for a variety of 
epitopes, diseases and vectors including, HIV and Modified Vaccinia Anchor* 
(MVA) {Hankc ct aL 1 998), malaria and Ty panicles (Gilbert et al 1997), 
different viruses and vaccinia (An and Whitton. 1997), influenza and "POP^P"*" 
(Sauzctei al., 1995) and tumours and recombinant adenovirus {Toes et al.. 1996). 
AM flanking sequences required. In all (hepolytope consiruc^cscribed 
above, except those reported by S auzet et al., 1 995 and Toes ct al.. 1 996. multiple 
minimal CTL epitopes were directly conjoined without (he inclusion between the 
epitope* of [i) any intervening spacer amino acid sequences or (ii) Sequences 
naruraiiy round to flank the epitopes in their proteins of origin. The addition of 
universally proccssablc linkers between individual CTL epitopes, for example three 
alanines (Toes et al.. 1 996). was considered potentially beneficial as profound 
influences of flanking sequences on CTL epitope processing have been reported 
(Befgmann et al., 1996. Suhrbier. 1997). Negative influences on the processing of 
specific epitopes can. however, often be ascribed to the presence of glycine or 
proline icsidues adjacent to the minimal epitope (Del Val et al., 1991, Hahn et 
al„|°92. Efiscrs ct al., 1995, Bcrgmann ci al., 1996, Yeilen-Shaw el al., 1997). 
Proteolytic cleavage around glycine and proline residues (especially when in the PI 
position) lends to be poor for many non specific proteases, including proteasomcs 
(Kicdcrmann ex al., 1996). Their negative influence is, however, unlikely to be 
seen in polytope constructs, since they almost never occupy the C terminus of CTL 
epi topes (Rammchscc ct al., 1995). 

Proteolytic generation of CTL epitopes principly involves the proteosome 
and associated proteins, LMP 2 f LMP7 and PA28, which alter the cleavage 
specificiries (Dick et aL, 1996). Non proteosomul cytoplasmic proteases may also 
contribute to generation of immunogenic peptides (Lopez and Del VaL 1997) as 
may proteolytic enzymes within the ER (Elliott ct al.. 1995). The ability of every 
epitope within several polytope constructs made without spacers or linkers to be 
processed and presented, strongly suggest that proteolysis and transport Of 
epitopes into the ER is governed primarily by the intrinsic qualities of the epitope 
rather than by the sequences flanking them (Hahn et al., 1992, Myhn, et al. 1995. 
Sijts. et al. 1996, Niedennann et al., 1 996, Fu. el aL 1998). 
Polytope vaccines against HIV/AIDS. There is now a considerable body of 
compelling indirect evidence that CTL have a role in preventing or limiting (or even 
clearing) (i) initial HIV infection and (ii) progression (o AIDS (Rowland-Jones, ct 
aL 1997, Goulder, ct aL 1997). A recombinant protein based HIV vaccine 
covering the epitope variants within one geographical region and containing enough 
epitopes to cover the HLA diversity of the population, would need to contain a 
considerable number of recombinant antigens. In contrast, a relatively small HIV 
polytope vaccine would be able to co-deliver multiple epitopes and/or multiple 
epitope variants. In a prophylactic setting this approach might ensure CTL activity 
against different challenge variants, and in a therapeutuc setting might pre-empt 
potential escape mutants (Goulder et al., 1997, Mortara , el al. 1998). W c arc 
currently testing a polytope containing multiple HIV HLA A2 epitopes (TABLE rj 
in HLA A2 transgenic mice to illustrate immunogenicity of each epitope prior to 
human clinical trials. 

TABLE L HLA A2 restricted HIV epitopes the polytope. 
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po/ 476-484 
gp!20 120-128 
pot 346-354 
fl*/ 157- J 66 



Segue 
ILKEI 



EPVHGV 
KLTPLCVTL 
VTYQYMDDL 
PLTFGWCYKL 



gag 77-85 
nef 180-189 
ft*/ 190- 198 



SLYNTVATL 
VLEWRFOSRL 
AFHHVAREL 



HIV polytope delivery by modified vaccinia virus Ankara (MVA) A 
large number of vaccination modalities have been developed which arc capable of 
delivering recombinant proteins for the induction of CTL. few have emerged as 
saFc and effective inducers of CTL in humans. MVA was generated by ongterm 
passage of the Ankara strain of vaccinia vims on chicken embryo fibroblasts (Mayr 
et al 1975), contains six major genomic DNA deletions (Meyer et al., 1991) and 
most importantly has been administered to over 120,000 humans, including many 
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Methods for generating re ~ mb ' n ^fi^'^XX^nine deletion^ 
whereby foreign genes "rt«J^^sSSl, 1995. WO 97/02355). 
within the MVA genome (Sutter & Mc*s ' 99 ^f"^ ri r " ctv in mice (Sutter el 
Recombinant MVA constructs have been shown t ^'^^^ n n ™ enttrbto 
al.. 1994. Hanke et H..1998; ^^^^S^^^Si^ £ne 
phase I human trials. Characteristics "^^^^SSS^ expressed 
unlivery system with excellent safety P™™' ^^™Xmiu PP resW 

Primary human cells (Drexler. et aL 1998), t^'V^^K^TO (W) the 
heterologous genes despite replication deficiency (SuiK^etal. wraj.U > 
finding Lx MVA fails to produce soluble receptors for IFN-Y. IFN-a/p\ and 
TNF-ct (Schneider et al.. 1998). but induces IFN in pr imar, ^ 
(Mayr el al. .975). and (v) ^SSiTS 
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An HLA-A2 Polyepitope Vaccine for Melanoma 
Immunotherapy 1 

t r . llr!o t„ 1 ,her Schmidt,* Michelle Down,* 
T„T.Hthrtn Cebon, 1- and Andreas Swhrtuer * 

JonathOn ^eDOn, a r;TL are being widely considered for cancer bumu- 

Epit „ P e-ba 5 ed vacation Regies designed «o induce ""^^J^ HLA-A* restricted epitopes derived from five 
norherapy. Here we describe a recombinant poxy™ ™ r T t cells wfc =led with the melanoma polvtope 

mTan'™ Ags conjoined in an artificial polyepitope or i"^ 8 ^^,^^ HLA-A2 melanoma pati™*, "d CTL 
STw«! recoUed by three different ->« » wi * Ae 

rinses to seven of the cp»op<* were generate -oalU^t one of s t> « £ ^ ^ ^ ^ topDS wlthin £ e 

CTL lines derived from vaccinated transgenic mice were a so able to . feasibility of the poly tope approach for 

1999, 163: 4058-A063. 

A common feature of malignant melanoma ii i Ac cxprcs- 
sion of multiple Ags, which are recognized by «p CDS 
CTL Recent human therapeutic vaccine trials, which 
utilize the epitope* recognized by such CTL. have illu^ted fce 
potential for CTL cpilope-based immuuotheiapcmc vaccme stral- 
SSS 5- SnchTtratcgics do not require Surgical removal and 
cutare of autologous rumor cells ftom the pM and the use ot 
autologous dendritic cells might also be avoided rf effectrve safe 
vaccine vectors can be developed (3). CTL eP™P^ d ap- 
proaches offer a number of potential advantages over whole _Ag- 
Led cancer vaccines: limey can focus unruly toward opttnal 
(4) md/or eryplie protective epitopes (5); 2) sequences thai have 
oncogenic activity (6) or contain targets For auion^UM OD4 cdk 
(71 aw omitted; and 3) sequences mat are the target of preexisting 
CD4 T cells or B ceU responses are avoid«l. Such ; P'^S 
responses have xhe potential to deviate (8, 9) crmhibit <I0, 11) 
effective CTL induction by a thetapeuric vaccine. 
Single cpitopc-bascd approaches have 0» disadvantage maian 
HLA-restricted CTL response can be raised to only one Ag. CTL 
-spouses specific for multiple Ags and restricted by multiple HLA 
alkies would clearly be desirable for cancer immmouiempy. given 
^ e Sic , «pJde» of tumor Ags (12, 13) and MHC allele. 
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04) by melanomas and their metastases. Targeting multiple Ags 

Aks ot mixtures of synthetic peptide epitopes. The former lo^ the 
Xntages of epitope-bascd approaches and — = 
olet recombinant vaccine Ag mixtures or constructs. The lartei is 
compS^adjnv a nt considerahons and by problems assoc.- 
*7lkh peptide solubiUty, chemical modincahens of cenain 
amuto acidi, and fattcrpepbde interactions (15). Here wc describe 
tTc^strucuon and testing of a melanoma polyepitope or poty- 
1 "xvirus vaccine that commns ten conjomed minimal HLA- 
a' .testrictcd CTL epitopes, derived m>m five melanoma Ags in a 
t£. rTcombinant^Xuct. Despite Ae large number of cmtope, 
Sctcd by the same allele, multiple epitopes wiihm thevaccme 
construct were either recognised by 

meLtnomapaticntt and/or generated cpnopc-spcciflc CTL in HLA.- 
Al-uansgemc mice. The polytope approach thus aUows muhiple 
A B s to be simultaneously weeud and should increase a paacnt , 
spectrum of mnhmw CTL responses. 

Materials a»d Methods 

CoLm nfik* recombtnnm 

quence, a ^ ^ a Sa ll di* and It e»P «t«* 3 end. 

cpnopes (sw Table 1), a stof ' -hepes were oonvertwl to DNA 

. oiidcs 1 and 2 (reaction A), 3 and 4 (reason B>. f^ 5 " n ^/^ b %^ 
W 4 la of eacK) in 40-lJ reactions COnttmutg ffWidaid 1 X ^-PCRbufl^ 

94-C), usbe the Ifamd program 94 Cf or 10 h, 52C 1^ wa5 

!" 1 Jo5r TfT B 5 8°C Ibr 20 * s and 72°C for 20 ■>. Al Cycle JO^Oic 
5 t yd« (94"C for 10 1 >-J? t %™J ^. i imiwi C W » added 10 20 fil from 

£: £ ATB^rrdV&^ 

0022-I767/99flT01.0<t 
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znelflaom& epitopes (see Table J). 
Human CTL lines 

HLA-A2-D6Si(ive patients, P5 and Pll, h»d confirmed cutanecn* i»*"g- 
^^C^d were "enrolled in a gentle vaccina Uon « 
^EEXbi* Oncology Unit (13). CTL lines specific for AAGKr LTV 
™A YLEKtPVTA were established fioro PBMC by senSiuiing ^ * c 
Tedinolofii^ Clayton, MsteOia; or nudem 
f Jmi r^SiSand Instil of Medical Bjmb (Q1M»M (10 wJ»L 
ih^C foUowad by two washes) and adding back m ftc , raiupnuj <*Us 
L i M-wS Pto The cells were cultui-ed in RPM1 1640 media 
S iCpCS (Q1MR), 2mM E lurannne «W 
Seven HflU. Alalia), 100 jig/ml strep tomycm, and IMW/nil 
(C™ Melbourne, Auctnlia). and 1 ml of medium ^ontainmg 5 U/^« 
combat hum»n IM (Undly provided by Cetus EW^ CJ °™ 
wm added on day 3. On day 7. 1L-2 Artd p^ude were added to n J &nA) 
SSsSSSw Of 25 TJAnl and 1 M#nD, respectively. P*ituu medium 
c^Stwuii 25 U/ml but no peptide, w«* given a* necessary On 
K ^fcLdfurcs were used at effectors In *a"dard ^mium release 

a **Thc LLD GT ATL RL-E pec LE.C line was gelled by restimulation of 
PBMC (derived from leukosis) from paUent A02, with the autologous 
irradiated (8000 rad) A02-Mb melanoma cells (two tunes ? <£y* ap^) 
followed by t*o lesUmolauons {7 days apart) with peptide-sensili^ci ( U 
StvQ t 1 ni washed, irradiated (8000 rad) HLA-A2 lyinphoh tanid 
cell lines (LCLs) (responder to stimulator ratio throughout, 2CH> 1L-2 
(25Uyml) was added on day 7, and (be effectors w^* <"ed on day 35. 
Human target ceih for murine and human CTL 
An EBV (B95.3Hransformed LCL from a homozygous HLA-A2 healthy 
individual (HLA-A2* LCL) was I) intod with rVVjnel.pt or a contra 
Xinia recombinant vaccinia expresses an unrelated poLytop* 
frVV Cone ) (US) (multiplicity of infection 10; I) overnight, bafoo: Ci 
kbdLhifr or 2) «ili»d with P*P*d* (10 figAnT) « ^ «» « 
* 'Cr labeling. The following e*ll lines were also used in standard 6-h cr 
ralease assays: ATCC KTB-73 (HLA-A2-negaiive nielanoma): AUX- 

from *e same patient; A02-Mb and A09-R n^anoma 1™» W£ 
Al-pushrvo patients enrolled in a therapeutic : dmi«l trial of GM_CSF- 
xransduced auiologous melanoma cells (C. S t hmio\ M. O'R^J. 
Parkes, M. Down, J. BeU. N. Block, R. lliom D. Siatiord. 
V. Nicholson. Wd K. Bn-m, nwiuseript in pxeparation); A12-M. an HLA- 
A2-ncnative Line from a patient in the saniri tnal: and LAR1 ^i,a-a_ 
DOiitivc^ and (Hr.A-A2-nc B auve), Man-l-exp«SEmg nwhmwnii 

5u imes aB) HIX-A2+ LCLs were used a, cold targe, inhibitors (80:1 J 
for assays using humim CTL dwiv*d from donots PS and Pll. 
Vaccination and CTL essays using HHD transgenic mice. 
TransgcDic HHD micchave atransBene comprising the «1 and o,2 dwflWbW 
of 14LA-A2 linked to Uks cr3, iransfl^nibrane, and cytoplasrnic domains at 
H-2D b . with the «1 domain linked to human Pr™tf 0 ^^ f ^™: 
^ was inuodac«l into murine ^nniteo^buLn and H-2D» doub t; 
knockout mice; thus, the only MHC expressed by the HHD xnOuS* w» tiw 
modified HLA-A2 molecule (19). 

HHD mice wck vuceinated i-P- wiUi 1 X 10* PFU recombinani vaccinia 
virui coding for the melanoma polytopy &"VV.n^ pt) P° ^ 
vaccinia coding for a scries of EBV epitopes (17). Naive control nucc 
animals were not vaccinated. After 3 wk, splenocytes ki™ 
^TlO* celU were stimulated in 24-well plates with 1 X 10 ft LPS W*S» 

poiytopc consiuct: HHD mice, naiisficnic nu« apwine.^ ^ «a »ri ^ILA-A- 

o human ^-micronlobulm cairi^ cm a murine ^-microHlcbahn^Ll H-2D donW*. 
SSbad^uS LCL. Ijomboblunid ccU line; ^-RpblTlID, munm /V 
^S^SnXncicni EL4 ills annrfc^d wiih HltD ^B^- 



Tabic I. HLA AJ-reitricltd m&mama epitopes included in the 
melanoma polytopy construct 



Peptide Ssqucnec References 



MAi'l-1 (27-35) 
MAGE-3 (271-279) 
Tyrosinase (l-°) 
gpion (457-*66) 
gptf>0 (154-162) 
Tyrosinase 
cplfJO<209-217) 
gpjOO (2BD-28S) 
Mftrt-I (32^0) 

A^accrylglucosinnmyVn-ansfeniBft 
V gene tntron 



AAGIG2LTV 
FLWGPKALV 

LLDGTATLRL 

rcrwGQYwav 
iTDgvppev 

XLEPCPVTA 
ILTVILGVL 

vlpdvttrcv 



46 
47 
48 
49 

25 
4S 
50 
50 
51 
52 



■ e>" 

• rnriuun 370 i£ an K in ■*» "five l»>«ln *>™ *« l*^; nKOgniieil by CTL h» 
iD JSi^S ISU-M *> «• P^*" t") T^po^p,^ ^ this 



(20), which we™ MM&bed wuh peptide 10 ^1 to 1 " " C ^ 
radioed (8000 r^d), and washed twice. Cells were ouhiired m RPM1 1640 
rMplemenied with 10% FCS (Q1MR), 2 mM ^Umin^ (1CN), 5 X 
To - "5 ^^n^ptocthanol {Sigma. St. Uuis, MO), 100 ^/rrJ streplo- 
mycin imdToO lU/nd penicUlm (CSL). On day 4 1 ml at medium was 
Scorning 5 U/nd recombinant human IW (Cans) or nit lyrnpl^- 
ovto^ 0CN) On day 6, the cultures wet* u**d a- effectors m standard 
L ^ ^» W«yi 1) human cell Un« (wc above) and 2) 

^S3 ? hSSS)^ (1U whtah w„e ^itized *lth indicated pen- 
0 S ^ the aameumea* radio-Ubelme f-'ttrT^ 
^a. All CTL assays were performed in dupkeaxe for each *T rt^F*> 
JhLr weekly ^stimulations in WUO were performed on 
^ P T^d^i^ fr^n^diated (3CO0 rad) £L4S3~RobHRD 
cells as stimulators (eir^ctor: stimulator rauo 20:1). 



Results 

A recombinant melanoma polyrope vaccinia vt™ (rW.mel.pt) 
was constructed that coded for len conjoined HLA-A2 melanoma 
cpiunoi (TiLble I). The artificial Tccomb^anl inaertCFig. 1) was 
generated by ^tng synthetic oHgomiclcotidca and PCR- The DNA 
and protein sequence of Lhe metooma polycope construct is shown 
inr-ig. 1. 

Mclanama-speelfie CTL lines recognised the melanoma polympt 
construct 

mice cpitopc-BpeciOc CTL lines from three melanoma patients 
(P5 Pll and A02) were generated and were shown to be specie 
for ' AAGIGILTV* YLHPGPVTA, and LLDGTATLRL by 'their 
ability to lyse HLA-A2 J ' LCU sensitized with each peptide, re- 
^errively (Fig- 2, HLA-A2 4 " LCL + ' J poptidfl). THe melanoma 
specificity of the CTL lin« from donors P5 and Pll was illustrated 
by iheir ability to recognize HLA-A2 melanoma lines (LARl «id 
HTB64). but not HLA-A2-ne$ative melanoma 1ui=p (ME235 and 
A12-M3 1 or. in the case of Pll, a fibroblast line (HTB-102) derived 
from the same individual as the HTB-64 melanoma line (Fig- 2, 
melanoma lines). (Although donor A02 had CTL reactivity afiainst 
LLDGTATLRL, the melanoma line A02-Mb derived from the 
bowel metastasis of this patient did not appear to present gplOO: 
data not shown) 

Each of the epilog-specific CTL fee* was capable of looog- 
ni7in« LCLs infecred wixh rW-TneI.pl (Tifi. 2; HLA-A2 LCL 
rW mol.pt). but not a control rW (Fig. 2; rW.Cont.). illustrating 
that each of these three epitopes was individually processed from 
the melanoma polytope construct and presented lo melanoma- 
specific CTL. 
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CAP BamHl Kozak Start ac= t 
ato crga tec «o acg o« gab M^J gJg" T t, T X 



G 



t , CCg tg, gf ccb * f ? ^ ^^1^!^^ 

c I g c \ 9 ^ gf acc gf *cc «■ T .« -g^^gLy T T 

l 5 l l 1 - ? ~ «■ jlg^BlT T " C T ^ 

l l g l d „t CC/ »CC ^ a !1! C 1!r .y T ^ ^ ? 

Y L E P * P V 

4-4-- .tc cat uctc gtc M'J 3 ac e3C 

gtt eta ceg gac crtt ttc ate cgc ngc g ^ y D R 

v l f n v f i * stop SaU CAP 

, , m The first and llwn every second CTL epitope M* underlined. 
FlCUK£ 1. Nucleotide and ^no aeid of the .—on. polytope «»lr** H« ,h*. 

vr PDVFIRCV Fig. 3 shows the average lysis of CTL effectors 
reader mice, which were defined as nuce w,ih 
Sor popu^oxTeiving pepade-apecifio lysis of rnorertan 
N^ ofHie mice rested **<*ud CIL specific f ° r r ,^ G " 
PB^LV. MLLAVLYCL, and ILTVTLGVL follc—g xVV.md.pt 
immunisation (Fig. 3}. The total number ot uuco tested fcrft— 
epitope,™ 13, and Fig. 3 illustrate, ft* mean lyas values ifc> all 
ScL effector populations (n = 13 for each), tamumzanon of 
2™ mice wrth FLWQPRALV, MLLAVLYCL ^d ILTVIL 
GVT. peplide-based vaccines >lso Wted to induce CTL response* 



Mice vaccinated with the melanoma pofytope generated CTL 
specie for midtiple epitopes 

To detennine whether the polytopy construct was capable of rais- 
ing CTL respond in vivo, HHD-transgenic mice were vacc.naied 
with the rW.rflel.pt CTL responses were Z™^*™** 
GIG1LTV, LLDGTATLRL, KTWGQWQV , YMDCTMbtJV 
nDQVPFSV. YLEPGPVTA, and VLPDVFTRCV (Fig. 3). Not all 
ihe mice tested generated response to all the epitopes; live oftlie 
6 (5/61 mice vaccinated wnh tie rW.mel.pt generated reaper,*" 
TO AAGIGILTV, 2/6 mice tested generated responses <*^cte 
LLDGTATLRL, 1/7 for KTWGQYWQV. 3/6 for YMDGT 
MSQV 2/6 for ITDQVPFSV, 2/6 for YLE?GPVTA, and 6/7 for 
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2 ; :W (□); .ccoad column, ^-^^^PVit t 

indicaicd peptide (i-c, AAGIGILTV for donor P5 and YLEPOPV lA for 
PI I) (-1 ox the san« LCL wiihooL peptide <H); and tlnrd column, melann 
cell wepre^dng HLA-A2 (LARL «>d HT064) (-) ind comrol 

HTa-l02 k derived from Hie swine individual as tlic molanoiua HTB-64. is 
shown as an cxna negative control (A). 
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FIGURE 4- Bulk effectors from rVVjnd.p^iimuunfccd mice w«e r* 
Sea 1 vit*0 M d ased (to ^lumn) 

.ontitizod with peptide t-) or the Mm- «*. without 
column) HLA-A2" LCU MPtflMd with the indicated peptide (■ ) o r Ac 
u. LCL wilhfti* P*plid* (CO; «d OHW column) mcljinom.. cell mcs 
express HLA-A2 (A02-Mb and A09-M; *) and conrml lines, „dh arc 
SLkl rttri" CHTTO and A12-M; □) or arc HLA-A2 but do 
present Hi* ttrfcei Ag (HTB64; A). 



unless large amounts of peptide were used (100 »g per mowc) and 
the vaccine contained a source of coddivcred CD4 T cell help. 

Splenocyles from 1) naive HHD mice and 2) HHD rn.ee nranu- 
nized with an unrelated recombinant vaccinia coding for an LBV 
CTL polytope (17) were also restiinulared in vitro with the mela- 
noma peptides. None of the effector populations generated tram 
these animals (even after five weekly regulations) were capable 
of lysing targets sensitized with The melanoma peptide used for 
restimularion (data not shown). 

These daw illustrated that the melanoma polytopc vaccme was 
able to induce in vivo CTL responses specific for multiple 
HLA-A2 TnclHioma CTL epitope*. 

rW.mi>Lpt-induu>d CTL recognize hitman melanoma ceils 
The inability of the murine CDS molecule to bind effectively TO the 
<*3 domain of human MHC means that |yw of human HLA-A2 
target cells by CTL from A2K*-minsgeruc mice tends to be poor 
(21), The same problem would be creeled for HHD-derived ef- 
fectors which should also lyse HHD-transfected target cells more 
efficiently than HLA-A2-nxpr^ing odla (19). To overcome Mftta 
problem and determine whether CTL effectors derived from 
rW-melpl-hiimunized HHD mice would be capable of lysrng 
HLA-A2"- melanoma cell*, AAGICTLTV and VLPDVFIRCV ef- 
fectors were subjected to three rounds of peptide resbmuiauon m 
vitro. The resulting bulk effectors had high sp. act. for peptide- 
sensitized target cells expressing the HHD trsnsgene (Fnj- 4; 
EL4S3 "RobHHD). Despite the CDS/a3 mismatch, these cffccioTs 
were also capable of killing pepti de-sensitized HLA-A2 LCLs, 
although with the expected reduction in sp- act. (Fig. 4; ^J- A - A2 ( 
LCL). Importantly, these effectors were able to lyse HLA-A2 
melanoma call lines expressing the relevant tumor AgfAOJ-Mti 
and A09-M), but not HLA-A2" melanoma cell lines (HTB-73 and- 
AV-M) or an HLA-A2* melanoma cell line, which does not ex- 
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pres« the target Ag (HTB-64) (Fig- 4; melanoma ccU* 
Mutinied that the melanoma polytopc vaeeme had induced CTL 
capable of recognizing melanoma Ags processed ^ presented by 
human melanoma celb- 



Discussion 

Tltis paper illustrates the feasibility of delivering multiple HLA- 
A^ertrieted melanoma CTL epitope* using the polytope vacci- 
nation strategy. The melanoma polytope ™^ d J c X 
specific CTL of multiple specificities m Hl^-A^trartf genie mice 
and «» recognised by CTL lines from HLA-A2 mclW- 
tiems arguing that multiple epitopes from die melanoma polytope 
vac m* can be simultaneously processed and printed Porytopo 
vaccine-induced CTL were also pU* specifically to loll human 
mchmoma cells, suggesting dud polytope vaccmaHoT. can induce 
CTI ^ sufficient affinity to kill physiologically relevant target 
ccIIk This is likely to be a critical feature for cancer vaccines, 
given me down-regulation of HLA by melanoma cells (14) and the 
potential for induction of low affinity CTL by peptide vernation 

<2 Th^HHD mouse syvLem rtpxesems a useful model for preclin- 
ical and quality control testing of vaccines designed to induce 
HLA-A2-restricted CTL responses in munons. However, as re- 
porud previously. HLA-A^-transgenic mice appear treble -to re- 
spond to some loiown HLA-A2-Testricted eprtopes (24) In this 
SI HHD mice failed W respond to fLWGPRALV, MLLAV 
LYCL and ILTVILGVL following iW.mel.pt immumzatjon. In 
adduicm^ variable inductjon of CTL specific for some epitopes was 
alsci observed in individual transgenic mice (Rtf. 24; Fig. 3 leg- 
end). These deficiencies may reflect 1) a limited and 
repertoire in HLA^transgcnic mice (discu^ed below) ^r2) thc 
uoor immunogenicity of mdividual epitopes. MLLAVLYCL and 
ILTVILGVL bind poorly to HLA-A2- J , 4 and polytope vaccinaaon 
may provide insumcient amounts of these epitopes to promote ef- 
ficient uiirning. The HLA-A2.1 binding and immunogenicity of 
ITDQVf-FSV, KTWGQYWQV. and YLBPGPVTA peptide, have 
been "intproved by changing ihe anchor residues to i&JDQVPFSV, 
KLWGQYWQV. and YLEPG?VTV (1, 25, 26). A polytope vac- 
einc s ability to prime responses to poorly immunogenic epitopes 
jnirix be improved if such epitopes were replaced with wichar- 
modifed epitopes, which have higher T^-A2-r^din£ affinities. 

As noted previously (24), a conmbunji 6 racror to 1) the inability 
of HLA-A^-transfienic mice to respond to some HLA-A2 epitopes, 
and 2) the variable responses $e*n with other epitopes may be ; » 
limjtcd and variable TCR repertoire educated on the HLA-A_ 
iransgene in these animals. Murine TAP proteins appear to be 
more selective man their human equivalents (27), and other murine 
proems involved in processing and presentation may also be in- 
efficient at delivering some peptides for HLA binding (28. 29). 
AUhough these factors may result in ft* inefficient processing and 
preenmrion of some vaccine Ags. me iiULbUity ofall HLA-A2 
peptide epitope immun^ens to induce efficiently CTL response, 
in all HLA.A2-transgcnic mice 4 (24) suggests that the hhhi prob- 
lem may be a restricted and variable TCR repertoire^ A reduced 
quantity and/or diversity or self epitopes loaded onto the AVK or 
HHD tranfigene in UM thymus will limit positive selection OfrJ^A- 
A2-restricted CTL, which is likely to lrmit the diversity of the 
HLA-AZ-rertrigtod TCR repenoire in the perrphery of these aiu- 
mals (30). The intcrmouse variaiion in responses to some epitopes 
may rcHecl a heterogeneous TCR repertoire, which could an$e 
from minor histocompatibility differences between wdmfo • J 
HHD mice (19)- Negative selection m deletion of CTL (as opposed 
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to lack of positive faction) by rmirine equivalents of the mela- 
noma epitopes is unlikely to be responsible for *o wMny ot 
HHD mice f respond to certain epitopes. The sequence of the 
murine equivalent of FLWGPRALV is FLWGPRAHA and of 
MLLAVLYCL i* M£LAVLYCL; thus, botii murine homologucs 
have changes in the anchor residues (mderlined), ^uch should 
movent efficient binding to HLA-A2 (24). The ITDQVyFSV 
epitope, to which a response was generated, is equivalent iu The 
mouse and the human gpiOO melanocyte protein. However, auto- 
immunity against melanocytes could noi be readily detecxed (31, 
32) in HHD mice since the HHD transgenic was integrated in the 
vierniry of the SJL-mousc's mutated tyrosinase gene, so all HHD 
mice arc albinos (19). 

A tiorentially important question for future polytope cancel' vac- 
cines is the source of CD4 T cell help. Should the vaccine induce 
CD4 helper respond specific for rumor Ags (33) or might vaccine 
induced CD4 help best be obtained from unrelated Ags (1, 34), 
CD4 help is often required for optimal CTL induction but is also 
likely to be required for the maintenance of ongoing antitumor 
CTL responses (35). A virus-vectored melanoma polytope vaccine 
(like rW,mcl-pt) would induce CD 4 responses specific for viral 
Ags and would not induce, or rely on, inelanoma-speciftc CD4 
responses. This may actually be advantageous hi a clinical sorting 
if the patients 1 tumor-specinc CD4 T cell responses art deleted 
(36), anerghed (37), or Th2 deviled (8, 9) by the tumor. In con- 
tra^ vaccrn^mducedmelaiioiria-nspecific CD 4 responses may syn- 
ergize with vaccine-induced CTL, resulTing in improved anTmrmoT 
responses (33). Apoptotic tumor cells killed by vaccine-induced 
CTL are also likely to induce tumor-specific CD4 responses (38), 
Tvhich may also influence vaccine-induced antitumor CTL. 

As more melanoma Age and target epitopes are identified, a 
panel of polytope vaccines might be envisaged, with each vaccine 
containing multiple epitopes restricted by one HLA allele. An ap- 
propriate HLA-matched mixture might be then delivered to cover 
all the HLA alleles expressed by any individual patient. Down- 
regulation of some or all HLA alleles by the melanoma cells 
should increase their susceptibility to N1C/IAJC lysis (39). A va- 
riety of delivery modalities might be used for hiiman melanoma 
polytope vaccines; these include attenuated poxvirus vectors (40). 
adenovirus (41), aaked DNA (42), or transfectcd dendritic cells 
(43). CTL induction might also be enhanced by codelivcry of cy- 
tokines (44, 45) and/or prime boost strategies (40). 
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Cm*** evidence no* ^ that «P CD8 cyto.oxic T S-jW ''SSf^- 
pontine hnn^D inmonodeficiericy vlras (HIV) inTecte.» ■^.^•^SE ">i»i««H HLAA2- 
Kbe £ HIV type 1 CTL po.yepitope, « P W*™'™ £^ffS££2*CTL Hh. derived from 
restricted CD8 CTL epitopes coitfomed in 9 single arunctal ™» S J^* X^nstwct, and HlA ^-transgenic 
HIV-infected individuals were able to recogn.w ^^^~^^Sw» generated CTL specific for 
mice iwwuwi with a r^lnaat vi™ Illustrating 
different epitopes. Each epitope to to \^^™Xe dosfm ^» rf^iCosly ifldiune CTL tpedftc for 

preempt the formation of CTL escape mutant. 



A considerable body of compelling indirect evidence sug- 
gests that cytologic T lymphocytes (CTL) have a role in pre- 
venting Ox limning (i) initial human J"™ 
(HIV) infection (36) and (ii) progression to AIDS (16), Corre- 
lations between CTL activity and protection agsunsc challenge 
havebcen observed in lentivirus models (12, 22) and m studies 
of HIV-cxposcd but uninfected individuals (36), The inverse 
correlation between viral load and CTL . Levels in mVp^ 
also implies a significant ^ ^}^ V ^P C ^^/Z m 
control of HIV replication (31), Due* evident for the ui> 
oortance of CTL was recently obtained from an ovuie retrovi- 
rus model in which a pTophylacric vaccine designed to taducc 
onlv CH, prevented me establishment of h latent infection (21). 

Induction of protective HTV-sperinc CTL responses is com- 
plicated by the presence of multiple HIV variants, any one of 
which may contain mutations in the target CTL epitopes (16), 
and/or by CO. escape mutants being rapidly generated follow- 
ing infection (16, 29)- An ideal vaccine might induce & suffi- 
cient diversity of CTL specificities to ensure CIL-mediaied 
pioLection against all or most of the potential variant* within 
HTV challenge inocula and perhaps also preempt the genera- 
tion of CTL escape mutants. Vaccines containing multiple 
recombinant antigens (10) may be able to induce CTL popu- 
lations sufficiently diverse to be wpubte of cross-rccogruzmg 
multiple isolates (15); however, even if homology sumcicnt to 
make such an approach feasible existed, highly variant epitopes 
may dominate at the expense of relatively conserved, protec- 
tive subdominajit epitopes (30). A CTL cpitope-bated ap- 
proach has the advantage of being able to focus immunity 

* Corresponding author. Mailing address: Queensland Tnsumtc uf 
Medical Research, Post Office Royal Brisbane Hospital, B™*™, Qld. 
ifl2y, Australia. Phone: 61-7-33620415. Few: fil.7S3fi20lO7. H-mail: 
andreasS @qimr. sdil-ai). 



Uiwtrd protective, perhaps less variant, epitopes. Sequences 
outside the CTL epitope regions, which might adversely affect 
Z immune response^, 17. 20), can also * »^ 
ever an epitope -based approach would be of advantage only if 
multiple CTL epitopes covering a range of epitopes could be 
simultaneously codelivered to induce a defined specaum of 
CTL specificities- The polyepitopc, orporytopc, approach rep- 
resents a strategy whereby multiple contiguous minima CTL 
eoitopes can be delivered as a single artificial construct (1, M> 
l!) 38 40 41). Here, we demonstrate the immunogcmcily ol 
an HIV pilytope vaccine containing multiple contiguous HLA 
A2-xcstn*cted HIV CTL epitopes from a range of HIV antj- 
eens. The vaccine construct was recognized bytruman Hiv- 
racifie CTL and raised multiple independent CTL responses 
in HLA Al-transgcnic mice. Thus, apart from offering a con- 
siderable reduction in size compared to a recombinant multi- 
anrigen construct, the potytopc approach represents an attrac- 
tive straxegy for CTL-based HIV vaccine design- 

MATERIALS AND METHODS 
HIV poW*v* and otber nxnmliin^l v**Siila Hnuci. The HIV ^lyiopd 

vaLsnia s/lTUfi (tW.HlV.pT) w-.* cOruilruCWd aS follow*. A *ynrW 
^Sn^fe 1) « «rn—l torn *r*c W«r 

^« wwmnnd i n u Lu Seven CdllT uTUOUS niUllIlH IHLAA21UVC.il- cpi 

££j?5?£dte (94-C tor 1ft UK 20 i «d 72-C for 2ft * the reacts 
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*arv*rt pri»*if (30 bp) 

JSUL cc* «Q etc ggt t,p «<= 
1 c B r If £ L — s — * — r " " — u 

^ t ^ *~ «■ t« «* «■ *« B f* ^ T T tf 5!_T_T_!I D 

h ll czi egg « S B « «« «S m « a ^ c^stt^fl^nr t 
-inn cits iee ecu etfl tec gnt »rc <-tn 

set ttc mc u£ sec set cat a«sf «i-c i*P 3<-c L |; L 
A r* H " ^ * b *- T * v 3 

FIG. X. HIV polyLCipii inici:T ' 1116 ^ *P ilQ P c and tncD *>cond CTL 
epitapw are underlined 



mixture wus resolved on u 39£ agarose pi, ^ 220-bp fragmeot wu* ewW, 
the vvKtasQ wan removed by microMOirifugatioa rtmiu&h fflt« paper Twu WJ- 
mer olkonutftoUcla primers (Fig. 1) weni usisi Lo amplify by ^PCfti J* CtilMenjgib 
product ten- 25 cycles at nn annealing temperature ft? SiTC. The full-lccvgl" 
gel-purified PCR frinciu&iii wis cloned into the i?t*RV site of pDlue^np: XI 
KS(-) and enc^d by sequencing The Insert was. then 5^°"^ bchiod rhe 
vaccinia virus P 7.5 promote in the plasmid shuule vacior pr>S 7.5 A wirh ^Ml 
iiml SalL Construction of ihc recombinant vaccinia virus wus then performed by 
maik£r rescue recombination us described previously (8), by i riser iiou of the 
fragment into the of a thymidine kiause-n^gatrva vaccinia vims, followed 

by plaque purification and jseleciiiin wilb dacthotrcxaTe, 

Recombinant vaccinia vims conr tuning HIV k/' smJ /XM expressed pi* Nbi, 
and the reverse Transcriptase, and iutcgrase of the LAI *tn*in of lUV t^Tians- 
k-ena Strasbourg. France) were nuida available via ihc Programme Reactils 
da L'ANRS. The control vaccinia virus, rVV.Com, coded for ovulbunun ur the 
murine pyWiope (4fl). f 

PCR aud RT-PCR of rWHrV-pfrinTttiwl eeus. CV1 cells (2-5 x lfl ) wClc 
iafeaea with rVVJrllV.pt (multiplicity oE infwfon - S) «occd overnight, 
and die RNA war cxtmaed arul ntvirse irausaibcd as described previously (26). 
A eonirol samiple was also prepared withoui T&v*t$£ transcriptase (RT). DNA 
«as exrruaed from u paraUel culture of rVV.HXV.pTMnf*aed CV1 «Qf «arh a 
blood kiT (Qia^ca. Hilden, Germuny). PCR was performed in a 2<M vtA\m 
comuiiium 1 ill Of cPNA or DNA (or an equivalent volume of Ihe control 
aumpliii) aad 0-S ^ each of forward «nd r«iv e rto 2ft-bp primers (Fig. I) (20 ^M). 
Tht reacrion mLoure was ai citscriW previously (26). An initial denuiuiuLiOfl at 
95°C for 2 tula was followwl by cycles of PC& (95^ for 10 s r 55T Fur 1(1 s, j rid 
7TQ fcr 5n *) and a lO-tuin extension at 72'C- FCR product* wtie iMoWed op 
a 29fc agarose gel, The ^W0-bp fr^mAuifi vene excised, purifiwl { Wizard puri- 
licadaii Jdt; Pronicfia. Madison, Wis,), iiad KeqiwiicisiL 

Human CTL lines. Blood was obtained from HlV-infect=d paiieuu ai the 
infectious Diseases Unit. Royul Brisbane HtWpii-!- Most of the pucienrs were 
rdceivioa Lighiy active aniiietroviral thcrupy (HAAR.T) at the Infectious Dis- 
eases Unit. HLA. A2-positjv*i individuals were identified by fiuOresiMiuin-acil- 
vmed cell senior analyeif of peripoeml bkwd mononuclear cells (PBMC) with an 
HLA A2-inecific mouse monoclonal antibody derived From ihe supdinataui of 
the hybridomtiUne ATCC Bft7.2, foUowcdby fluotescein isorhiucyanaLo- 

labeDed anti-monre F(ub'^ (Silemis^ Melbourne, Australia). Cells we .-e hxnl in 
fresh 1% parafOrtnaldeliydc in phosphiire-bnffewU sailipe prior to analysis. 

PBMC from HLA a2 HIV-infacted individuals were prepared by j;<^ipdarU 
FicoJI-Piiqu* enidliini aspai'ation, and half of the cells were sansiiued with the 
peptides indicated below (we Fig. 3 nndTpbli 5) (Chi/on Technologies, Cluyrtwt, 
ADKralin) (5^ M-s/ml, 1 ^ ^ 3rc, followed by one w tls h). The ftenriii/ed fBWlC 
wm nd0ed b«Ck to the remainins <*Us ia a 24-wcll plate to 1 X 1(1" lu 2 X ltr 
cclls/uil (cfftctor-to-5riniulutor rnfio, l:l).Th* tolls wcmc ailrured in RPM1 lo4(l 
medwm stupplomenied witU 10% fetal calf scram (QJMR), 1 oM 3 lutmiilne 
flCN Biomed. Aust. Pry. $«iven Mills, Australia), and 100 \l& of streptomy- 
cin par ml and 100 IV of peniciUin per ml (CSL tui, Mdlbourw;. Australia). 
Inter! euJti a-7 (1I--7) (300 XU/mi; Sl&U*. St. Louis, Mo.) w lU i jieldsd On day fl, and 
XL-2 (in lUAnl; Wndly prtrvided by Cetus Corp., Emeryville, OdiF-) was added oa 
day 3. The bulk effectors were wed in standard release assuys tm <Uiyx 

10 Lo 12, unlaws stated otherwise. Partial medium chan(£ei wens perfoiincd when 
required- Som* cnlture? were maintaimid by weekly rcsiimuliirionswiih Hi A A2 
lymplioblastoid colls that were peptide wrmiiRed (10 ws/i&l, 2TC for 1 h, 
waShid, and irradiated [8,000 rads]; xespoader-to-stinraljicir raLio - ^0:1). 
Fewer than seven CTLbluk c;ihitre>! (one Cor each peptide) were set up when 
PBMC were mulling, and for these cases, res timulutton wjth SLYNT VAIL was 
always included. , 

The taraei cell for llie dpitope-specific bulk CTL effecrors w, ls an hpctteio-BaA 
vkus (B55.&)-transfonned lympln>bl:i«u>id call line (LCL) from an "a"^' 1 
homozygous HLA A2 healthy LadM^l (Hl^. A2+ LCL). HLA A2+ LCL* 
were cither (i) infected (multiplicity of infection, 10) overaighl wjih rV V.l llV.pi, 
a recombinant vaccinia virus coding for the fpecilidd >UV antigen, a control re- 
combinant vncciniu vim.-; expressing ovalbumin* or un unrein ted puJytopc coo- 
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sin,* it VV Com) (10) prior to 5, Cr labeHiiut or (i0 sensitized with peptide (10 
Z l) ^ inhelanle Timi »Ct labelling followed by m wattei before «. It 
SJ »C> ' rthTase aauys- HLAA2-+* LCLr wcie used »c cold target inhibnors at a 

mn.e luve a tntn^nc compm.Tia the al (H) and al (H) dom mnS of HLA A. 
linked to the a3 iransmM.branc and cyfipbsunc domains of H-2D (D),jJ 
b«- «1 domain linked to human (5 3 iPi"o«lobulin. This t^ene was miroduced 
1 murine B, mkwfilobulin and H-2D^doubla knockout mice; ^ die only 
m„i,r histocompatibiliiy complex (MHQ molccnlc «pres.«d by the HHD 
mouse was the modified HLA molecule (32). 

1 vTr die first experiment, six HHD mice were varan* i*d mtrapentanei.Hy with 
5 ^ in' PFU of rW.HJV.pL After 3 weejei splenocyles w^t* iBi^vcned iind 
nuoled, and 5 x lfT splenocyte* ™± simulated with 1 X 10 ft U P opoly* a «L.a- 
Sfi Wu«a per 24*«11 («). ™* lipopoly^baride blnst* were sensitized 
wu kpeptide (10 p^/tfll for 1 h ul .irC) 3 irradiated (3/100 rads) r and washed twice 
nr.0r 10 us& Celbwe« cultured in RfMi 1640 medium (G.bco) suppUmented 
SnnAidadI serum (QXMR). 2 mM gl^^lnc (HJnn) 5 XI M 
B-tucrcaptoethaiiol (SigiDa), ima aatib.oucs as described abov*i. On day 4, I ml 
If m «lrL coniaining 5 IU of recount human 1W (Ce w) - « : «J J"- 
udded On tUiy (i the cultures were used as effectors in jmndard 6-h Cr relea«B 
ifr-up iiiwinsi F_L4S3-R0bl-H-lD target cells (32), which were with the 

indicated peptide (10 jj^ml) at ihe same lime as being relabelled and were 
wnsheil twice pdor to we- . 

l-or the DNA prime boost experiment mice waa ancsrneTizeU wrcli 100 jdof 
j < olution oontaininu ketamiue <!■» m^), sylazine (2 mg/ml), and water (4;1;1 
uTi<t wera itivcn 100 uh [50 into each quadriceps muscle) of cither pJWtuv 
? -^)"*"Sm«l plasmid7pJW4303 (27) (n - 3) followcl .ner 14 days with 
a« identical booster injection. After unoiher U days the mice refieived lVV. 
HIV tw THree weeks later ihe spleaocytcs were rci?rim"J:*ied and Cr release 
w; is piiformed us described above, except that Myocytes Erom ^ & nmial 
w.-re restinjulatcd separjiely. Plasmid preparaiioQ wax uadarlakcn by using the 
£jidoFree Pl^mid Maid kit (Oilmen). p.)WI UV was ficnemted by yubcloning the 
1-1 IV polytope in*e*l ftom ibe HIV polywpe pfllucscript (see ybovo) into 
pj W«03 (27) with Wtadlli and £coRL 

RESULTS 

Confirmattou of the polyldpc sequence and tranScHption of 
the polytope insert rW.HIV.pi was consmictcd to contain a 
svnthctic insert (Fig. 1) coding for seven HIV HLA A2 CTL 
epitopes (Table 1). The epitopes were selecred from the list of 
optimal HLA A2 CTL epitopes described by Brandcr and 
Walker (2), excluding the more variant epitope* from env, and 
Uidy included the relatively conserved gpl20 epitope described 
by Thipuis ct al- (9). 

Direct sequencing of the insert in rW-HTV.pt was used to 
confirm rfie presence of an uncoiTuptcd polytope insert in rhe 
recombinant vaccinia vims. PCR of viral DNA extracted from 
rVV.HIV.pL-infecied ceils generated an «220-bp fragment: 
(Kig. 2, lane E), the expected size of the insert (Fig. 1). A water 
control for the PCR of viral DNA is shown in Fig. 2, lane D. 
Sequencing of the «22Q-bp fragment gave the expected nucle- 
otide sequence, shown in Fig. 1. 

Polytope proteins have been very difficult co detect wun 
antibody probes, possibly due to their lack of structure and re- 
sulting poor stability (40). RT-PCR was thus used to showap- 
propriate transcription of HIV polytope mRNA by rW.HIV . 



JaBLB 1. HLA A2 -resrrictcd HIV epitopes in the polytopy 

Miope (posiiions) S ^ ence 

Nrf (X57-166) ^^JEF 

Pol{W3Wj ■ ^YQWTODL 

Giie (77-fl5).l - SLYNTVATL 

Srf^Wlfo)"-.. YL^^^ 

Pl> I (476-464) - "C^y?^ 

Cpl2b (12M2B) - -^22£^t 

Net (lWO-lM) -. .AFHHVAKEL 

« hphopes were selected trom those described by Brands and Walker (2) »nd 
impuis ct aL (v). The more vnriaWe epitopes from env w«e not included. 



No Transmission Information Available in on line CO] for SF10017 printed 11/20/2002 08:22 * Pg 28/^ 
/ll '02 15:27 FAX 613 9663 3099 F,B, RICE & Co_. * lv "' VO{ ' 



5322 WOODBBRRY ET AL 

A B C D E F 




PiG 2. Aijuw ^ C HIV polytopy PGR products from cDNA (lane H) uod 

S^pCiV buw E, PCR flf viftd DNA, Molecular tft» indiciiied by 

arrowheads (hxan ihe xop) 394, 344, 29ft, and 220 bp. 



pt4nfccted cells (Fig. 2, lane B). A control for the RT-PCR 
without RT is shown in Fig- 2, lane C- 

Following Infection, rWJHV.pt thus transcribed an HIV 
polycope mRNA coding for seven HIV CTL epitopes. 

Epitopc-spcciflc CTL lines from HIV patients recognize (he 
HIV poly tope construct CTL from 14 HLA A2 HTV patients 
(Table 2) were separately resrimulated in vino with up io seven 
peptide epitopes (Tabic 1) to generate epitope -sped He bulk 
CTL cultures. CTL cultures capable of recognizing at leasL one 
of the seven epitopes were generated from seven HLA A2 IIIV 
patients (Fig. 3; Table 2). CTL cultures specific for mote than 
one epitope were derived from the PBMC of five patients (Fig. 
3; Table 2), with PJBMC from HlO generating culture*, specific 
for all seven epitopes (Fig. 3)- The lower number of patient* 
responding to SLYNTVATL in this study than in previous 
studies (3) may reflect the fact that nearly all the patients in 
this study were on HAART therapy. 

The pepade-resuimuatcd bulk cultures from the remaining 
seven HIV patients failed to generate significant pepridc-spc- 
cific activity; however, only three peptides could be tested for 
five of these patients (Table 2). An example of the data derived 



L Virol, 

from seven negative bulk cultures of the PBMC of one such 
individual, H28, is shown to illustrate the specificity oT the m 
vitro regulation protocol (Fig. 3)- Two HLA A2 lirV-scro- 
nceaLive controls (HCl and HC2) and three HIVHseroposiuve 
noii-HLA A2 tadiiduate (Hl2, H16. and 1-122) (Table 2) gave 
results essentially similar to those for H28 (datt am shown), 
further demonstrating the specificity of die peptide restirnula- 
tion protocol. Failure to generate epiiope-specificCTL lines 
does not mean chat the individuals did not tmve CTL specific 
fur the corresponding antigen. Most HIV psmems have CTL 
responses to a least one, and usually multiple, anugens (36). 
Deletion of such CTL would require the use of anngen or 
HIV resVimuladon protocols, rather than the peptide rcsumu- 
lation used in this study, 

Th* CTL effectors, which showed rysis against pcptidc-sen- 
aiiized target cells (Fig. 3), also ly&ed target cells infected with 
rVV.MlV.pt (Fig. 3), illustrating that each epitope in the Hiv 
puLytopc was individually processed and presented. Further- 
ninre, in cases where sufficient bulk effectors were available, 
the CTL lines were also shown to be able to lysc LCLs infected 
with recombinant vaccinia virus coding for the whole antigen 
from which each respective epitope was derived (Fig- 3). 

HHD mice vaccinated with the HIV polytope generated CTL 
specific for multiple epitopes. To determine whether the HJV 
poiytopc construct was capable of raising CTL responses in 
vivo, HHD transgenic mice were vaccinated with rW.HlV.pt, 
and the splenocytcs were restimulated in vitro and used to kill 
pcplide-eensitized target cells (Fig- 4A). CTL responses lu SL 
YNTVATL, ILKEPVlItfV, KLTPLCVTL, and AFI-MVAR 
F.L were generated. CTL responses to the remaining epitopes 
could not be generated in these mice by rVV-HJV.pt immuni- 
uition (Fig. 4A and data nor shown). The data illustrated that 
the HIV poiytope vaccine was able to induce in vivo CTL 
responses to multiple HLA A2 HIV CTL epitopes 

To determine whether potyrope CTL responses could be 
enhanced by using strategies combining DNA priming and 
boosters with recombinant vaccinia virus, as described previ- 



TABLE 2. Summary Of PBMC donor chiuacrlcristics and CTL.response(s)" 



Do DPI 


HLA 




H07 


A2 


34 


Hoa 


A2 


50 


HD9* 


A2 


41 


H10 


A2 


34 


Hil 


A2 


50 


HX7* 


A2 


44 


HI3* 


A2 


47 


H19 


A2 


35 


H21 


A2 


47 


H24 


A2 


46 


mi 


A2 


48 




A2 


41 


1130 


A2 


65 


K33 


A2 


36 


K12 


Not A2 


37 


H1G 


Not A2 


44 


K22 


Not A2 


n 


HCl 


AX 


46 


HC2 


A2 


37 



GD4 count 



260 
200 
3S0 
330 
320 
700 
610 

90 
440 
300 
440 

60 
250 
510 
350 
300 
520 



RNA 

copics/jxl 



1 X 10 5 

1.3 y in 3 

H. 2 X 10 3 

2 x 10'' 

I. 1 x iff' 

1.2 X 10 s 

1.3 x 10 5 
<400 

SflO 
5.3 * LO 3 
J.3X 10* 

<4UU 
1.5 x 10' 1 
<4C)ll 
<400 

<4on 

0 
0 



Date of HIV 
infection 



4/1992 

2/1*64 

19S5 

1985 

19B9 

2/1996 

1985 

12/1993 

I9fl6 

1988 

1/3991 

1994 

5/1997 

2/1997 

1995 

9/1997 

9/1996 



HIV {ctugti 



II 


1/3 (Vl£) 


II 


on 


II 


0/3 


IV CI 


7/7* 


TV CI 


0/3 


n 


0/3 


n 


0/3 


IV CI 


2/7 (FLT, VTY) 


n 


2/7 (SLY, KLT) 


TJ 


1/7 (SLY) 


n 


3/7 (SLY, V1Y, ELK) 


IV c 


0/7 


IV c 


0/7 


n 


3/7 (SLY, KLT, AFH) 


nr 


0/3 


n 


0/3 


TVCl 


0/1 




0/7 




0/7 



of iho apho^s) tor whlca a mspoore ».« iecn). Dan of HIV lafeoum i« given ;>> i>^. or «**Uyv*- HJV »™»»« » ^ „^ r t ihfmm^t the time .har Mo*l w^< 



h Response.* ta ull »tivea epitopes shown in Fig. 3. 
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peptide Porylcpe F«pUdn polytope Antlson 




EFFECTOR TO TARGET RATIOS 

FIG 3 Ephope-specific CTL lines derived Tram PflMC oT Hlv-iufccicJ 
individwifc (HZH, nm, HW, H21, *ud Htt) used as effectors uguinst (f) HI-A 
A2 V LCI* iealitized wirii The indeed pspUd* (bladL ^wes | oi- no: sensmad 
(while sq^rds) (colzas headed "Peptide"), (ii) HLA A2+ LCUs mlected w»h 
rVVHIVnt (Hade squares) or a control recombinant vhccliiiu virus (whiLe 
squares) (column* acried "POly"**"), and (ill) HIA A2 +LCU labeled wilh 
rVVW or rVV.po/ (bUck squares) or si control recombinant vtfiMm virus 
(white sqimrw) (column h«.ded "Ami^o"). The epitope lined on the lefr uf 
eacli row was used to rcsiiiuulatc the tnilk cultures, which, were v$ed m pu&izit 
ihe dam in that row, Bulk crihw* from end. Individual wcic «pai*rcly restim- 
ulated with the indited peptide, spUr, unit «*«d p*p^ pah/tope 

arid 5t>nifiiimex agaiasL whole jmriHiic. expressing target cells. A Himmiiry M 
paiiem data is shown iaTufcle 3, The a*?"** "suit*, rctf P***°-\ H2S - a£C saou/a 
10 ilhiSilraLB the specificity of tl*& in vftro rutimularion protocoL 



ously for whole-antigen-based vaccines (24, 35, 37), mice were 
immunized wUh a DNA vaccine coding for the HIV polytopc 
and were men given a booster with rW.HIV.pu No significant 
improvement in the responses to epitopes which failed to gen- 
erate a response following rVV.HlV.pt immunization (Fig. 
4A^ was observed following prime boost vaccination (Fi&. 4B). 
The responses to SLYNTVATL, UJCJ^VHGV, KLTPLCV 
TL, and AFHHVAREL were, however, significantly enhanced 
(an average of 2-4-fold at ait effector-co-target rario ol 10:1, 
)> = 0.008) by prime boost strategics (Fig- *B). CTL responses 
to polytopc vaccines can iherefbre also be enhanced by DNA 
prirne-plus-poxvirus boost strategics. 
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DISCUSSION 

Mere wc demonstrate the feasibility of delivering multiple 
HLA A2 HIV CTL epitopes with a polytopc vaccine construct. 
Each epitope in the polytopc construct was rccogm»d ty C1L 
lines from fflV paiients, and the polytope vaccine indeed 
uiuldple epitope-specifi^ responses m ^ m ^ 

The DMA pnme-plus-virus vector boost strategy (24, 3X if) 
also improved CTL responses when applied to polytopy vac- 

CII poLendal competition and/or immwiodominance phenom- 
ena (30, 45) did noi appear to interfere ^aignincanfly w,th si- 
multaneous presentation of, and printing by, the multrplc HLA 
AZ epitopes within the polytope construct- Factors intrinsic CO 
the epitope, such as MHC binding affinity, can determine the 
inim^odominance of an epitope (45)- For instance, the im- 
munodominant SLYNTVATL (3) binds well to HLA A2 44) 
whereas the subdominant AFHHVAREL (3) binds poorly co 
HLA A2 (23) However, the subdorumancc of an epitope can 
often be ascribed to inefficient proteolytic liberation of the 
epitope from the full-length protein (45)- Such processing con- 
straints are less likely to operate for P°l^P e P ro ^' ™? 
these proteins appear to be rapidly degraded (40, 41) and Lhe 
epitopes in the polytopc arc not Danked by poorly cleaved 
oiycinc or proline residues (13, 38, 41). The subdonunancc of 
AFHHVAREL may iu part also reflect inefficient processing, 
since it appears to be codominant when presented m a poly- 
tope construct (Fig 4). An ability to mitigate against domi- 
nance effects and generate multiple cudoroiftaiit responses may 
emerge as an important attribute of polytope y *<™nts. 

A controversy over the HLA A2 restriction of AFHHVA 
K EL was recendy reported, based on the inability of this epi- 
tope to bind to HLA A2 efficiently in in vitro binding assays (4, 
TV) Two HIV-infected HLA A2 individuals recognized the 
AFHHVAREL epiiope in this study, and rWJLTV.pt vacci- 
nation induced A-FIiHVAREL-specific CTL in TIHD micc> 
supporting the original contention that this epitope is re- 




EFFECTOR TO TAHG^f ftATlOS 

t-lG a Data from HMD miLt: immuiuW HIV polyiope vnccine^. (A) 
Mi,'i were irnmuni^d Willi vWJUV.pi. unci pwled tplenocyuun-cix restiniu- 
\La la vitro with e«ch of indicted p«nid« and used us «BkuH ^ui 
ur K ei «lb wnatizoJ wilh th^ iiume pc^ide (black squares) or not 
iwhitc scmuresV (B> Mice were immunizod with rwo iiqdcuons, cither oE DNA 
£S for the Hiv ^ follow^ by rWlUV f (DNA/rVV) or of 
^ DNA P W1 fulled by LVV.Hlv.pr C rV V). Spkooc^ popiila^ 

li,M »4x Wa rcpie$*Di restimulalion uad lysis with PLTFGWCYKL) Resuiis 
wci-c cjcal^sd^: foUow i: percent !y™ Uir^L ablb «bs.ii»d with pepnefc - 
pliCCuc lysif of rurget ealls ^ scasitized (= sraudiird error) DNA vacanaaoD 
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stricced by HLA A2 (18). The relatively conserved gpl20 CTL 
epitope, KLTPLCVTL, was recognized by three pdiients, sug- 
gesting that this also is a. commonly recognized HT-A A2- 
rcstriaed epitope (9). 

The IiHD mouse system clearly represent an ideal model 
for preclinical and qualicy control testing of vaccines designed 
to induce HLA. A2- restricted CTL responses in humans- The 
inability of HLA A2-cransgenic mice to respond io some epi- 
topes has been reported previously (44) and may reflect a 
limited T-ceLl receptor (TCR) repertoire educated on ihc 1 HA 
A2 transgene in these animals (32). Murine TAP prolan* are 
more selective di&ri their human equivalents (28), and other 
murine proteins involved in processing may also be inefficient 
at delivering some peptides for HLA binding (5, 33). Such 
factors may result in inefficient processing of certain pulyiope 
epitopes but may also limit the diversity of sell-epitQpes loaded 
onto HLA A2 in the thymus in HHD mice. The lauer would 
reduce the diversity of the peripheral TCR repertoire educated 
en HLA A2 (11). Other factors are clearly also involved, since 
deletion of murine MHC expression in HUD mice appears to 
increase the TCR repertoire over chat found in A2K trans- 
genic mice (32), which retain murine MHC (10a, 44). 

A prophylactic HIV polytope vaccine might ultimately con- 
tain & series of epitopes covering the diversity of HLA alleles 
in any target population and might also contain a number of 
common epitope variants. In a therapeutic se Cling, a coctaail of 
Tour single HLA poryrope vaccines might be used to cover the 
four HLA alleles of any given individual patient. Several hu- 
man delivery modalities vectors might be envisaged for HIV 
polytope constructs, perhaps in conjunction with prime boost 
and/or cytoJdne codclivcry strategies (25, 41). These vectors 
include DNA-bascd vaccination (41, 43), avipoxvirus (6, 24), 
and/or modified vaccinia virus Ankara (13, 19, 37, 39). 
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Design of a polyepitope construct for the induction 
of HLA-A0201 -restricted HIV 1 -specific CTL 
responses using HLA-A*020t transgenic, H-2 class 
I KO mice 
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HLA-A<0201 transgenic. H-aoVrnouse (Z-microglobtilin double-knockout mice ™ere « »d 
Et£SI a^dlptirnU the immunogenic potential of 17HIV -denved. H^-A^OI- 
Z^SZoSok, peptides- A tyrosine substitution in position 1 of the ep,ta P ,o peptrfes, 
resweted epitopic P^^T J . ^ , H LA-A02u1 molecule stabilizing capacity. 

*« «* modmcationa enhance 
S'SS^Hy S respect their natural ^ ISlf^ 
polyepitope construct was inserted in the pre-SZ segment of the hepat.ti * ™™ e ^ 
S and used for DNA immunization. Lone-lasting CTL responses against most of the 
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1 Introduction 

There is accumulating evidence that CD8 + aft cytotoxic T 
lymphocyte (CTL) response is a major immune effector 
arm against HIV infection. The vlremia of the primary 
infection decline with the onset of the CD8 + CTL 
response, weeks before the appearance of neutralizing 
antibodies [1-3]- The early development in certain indi- 
viduals of CTL responses diiected at multiple epitopes is 
associated with a slower disease progression, as well 
documented in infected newborns [4, 5], In slmtan immu- 
nodeficiency virus infection of macaques, depletion of 
CD8 + T cells is immediately followed by an increase in 



[121661] 



Abbreviations: TAP: Transporter associated with antigen 
processing lnf.ni.: friflveriza matrix RA: Relative affinity 

001 4-2980/01 /1 0 1 0-3064S1 7.50 + .50/0 



viremia [6]. However, despite the development in most 
patients of potent CTL responses, in the absence of anti- 
viral drug therapy, the infection usually Inexorably prog- 
resses towards the AIDS stage, with some noticeable 
exceptions, in particular patients with the ACCR5 dele- 
tion [7]. 

In the natural course of the HEV infection, the develop- 
ment of cytolytic responses usually takes weeks, with 
differences among individuals depending in part on the 
• HLA class I alleles they expressed- Noticeably, HLA- 
A0201 responses are significantly delayed, leaving time 
for the virus to hide as provirus and escape immune 
detection [6]. Since the initial viral burden is an important 
prognostic factor p. 10], a more rapid onset of the 
appropriate CTL responses mediated by prophylactic 
vaccination should Improve the prognosis of HIV 1 infec- 
tion. Further support for the feasibility of a CTL-fcased 
vaccine approach comes from the observation that CTL 
memory is not dependent on continuous exposure to 
cognate antigens: continuous boosting would not be 

(D WILEY-VCH Vertag GmbH, D-69451 Weinheim, 2001 
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required for a prophylactic vaccine to mediate an 

improved prognosis [11-14]- 

During the last two decades, many laboratories have 
devoted themselves to the search of HW^erlved CTL 
epitopic peptides, in particular those presented by the 
HLA-A0201 molecules, encoded by the most prevalent 
HLA class I allele in the Caucasian population. Classical 
HLA-A*0201 transgenic mice (which still express their 
own H-2 class I molecules) have been used to evaluate 
the immunogenic potential of identified epitopes and to 
compare different vaccine strategies [15. 16]. However, 
these transgenic mice develop CP- responses against a 
limited number of these epitopes. We recently created 
new strains of HLA-A*0201 transgenic mice expressing a 
heavy chain fused by its N terminus to human $2- 
microglobulin (p2m) and in which both the H-2& and 
mouse P2m genes have been inactivated by homolo- 
gous recombination [171. Tnese mice, hereafter desig- 
nated HHD, express a single species of class I molecule 
detectable serologically (HLA-A0201) and generate a 
diversified HIA-AQ2Q1 -restricted CTL response more 
efficiently than classical HLA transgenic mice [18)- 
Therefore, we used HHD mice CO to compare the immu- 
nogenic potential of the HlV 1-derived CTL epitopes 
reported in the literature, (il) to evaluate the possibility of 
modifying these epitopes to improve their Emmunogenic- 
rty without altering their antigenicity, (ill) to identify new 
potential HIV 1 epitopes and (iv) to test the capacity of a 
polyepitope construct to induce simultaneously in a sin- 
gle mouse CTL responses against several HIV 1 ^derived 
epitopes. 



2 Results 

2.1 Comparative immunogenicfty of HIV 1- 
derived , HLA-A0201 -restricted epitopic 
peptides 

Fifteen demonstrated [19-27J and two potential [27] 
HIV 1-derived, H LA- AQ2 01 -restricted minimal epitopic 
peptides were selected from the literature (Table 1). Their 
immunogenlofty was compared by vaccinating groups of 
six HHD mice with the peptides emulsified in I FA. Sple- 
nocytes were resti mutated in vitro and the CTL activities 
evaluated in a Sl Cr-release assay using HHD-transfected 
RMA-S target cells sensitized with relevant or control 
Influenza matrix (lnf.rn.G9L> peptides. 

The results are illustrated in Table 2. Considering the 
number of responder mice and the strength of their 
responses, the peptides were classified in strong (S9L. 

19V). intermediate tn)V, L10V, A9M, vnv. vsl, i_9v, ksl- 
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eS, R9V) or inefficient (E9V, P9U E11Q. E10L, K9L, P10U 
A9L) Immunogens- 

A similar evaluation was done by repeating the above 
experiment with co-Injection of a l-AVestricted CD4 epi- 
topic peptide (HBV core T13L). which was found in a 
previous work to enhance HLA-A0201 -restricted CTT. 
responses in HHD mice [18]. Whereas some responses 
were enhanced, some others {i.e. S9L] were abolished 
for unknown reasons. Globally, no significant Improve- 
ment was observed (not shown). 



2.2 Relative affinity for HLA-A0201 molecules 
and stabilizing capacities of the 
HIV 1 -derived epitopic peptides 

TAP-defic!ent T2 cells were incubated overnight wrth 
synthetic peptides and the amount and stability of ceil 
surface HLA-A0201/peptide complexes were evaluated 
in an indirect immunofluorescence assay as described in 
detail elsewhere [2BJ. Relative affinities (RA; the ratio of 
the concentrations in the culture medium of the tested 
versus the reference peptide, 19V, resulting in equal 
amounts of cell surface^ expressed peptide-associated 
HLA-A0201 molecules) and stabilizing capacities (DC50; 
the time following removal of the peptides from the cul- 
ture for a 50% decay of cell surface stabilized HLA- 
A0201/peptjde complexes) are given for each peptide in 
Table 3: the lower the RA, the higher the affinity of the 
tested peptide; the higher Its DC50 value, the better its 
stabilizing capacity. 

As a rule, the peptides able to induce CTL responses 
had high affinity and stabilizing capacity, the non- 
immunogenic peptides were both poor binders and poor 
stabilizers. 



2.3 RA for HLA-A0201 molecules and stabilizing 
capacities of P1 tyrosirte-substitLrted 
peptides 

Substitution of the N-terminal (P1 position) residue by an 
aromatic amino acid (a favorable P1 secondary anchor 
residue for HUVA0201 molecules [29D has been 
reported to enhance the immunogenicity of the HIV 1 
pol-derived 19V epitopic peptide (ILKEPVHGV to 
YLKEPVHGV) [30]- Similar improvement was demon- 
strated for a series of 30 HLA-A0201 -restricted human 
cancer epitopic peptides [2ft]. We evaluated whether we 
could enhance the affinity and stabilizing capacity of the 
HIV 1-derived epUopIc peptide by replacing the PI 
amino acid with a tyrosine. 
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Table 1. HIV hderived CDS epitopic peptides assayed 
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Protein of origin* 1 



GAG 



POL 



NEF 



P1 7 (77-85) 
P24 (19-271 
P24 (212-^21) 
(79-GB) 
(188-196) 
(263-273) 
(334-342) 
(464^72) 
(57&-5B4) 
(669-679) 
(671-680) 
(956-964) 
Gp120 (120-128) 
Gp120 (120-126) 
Gp4l (260-268) 
(134-143) 
(188-196) 



SLYNTTVATL {SQL) 
TUslAWVKW CT9V) 
EMMTACQCaV (E9V)<* 
U_DTGADDTV (L1 0V)° 

ALVEICTEM (A9M) 
VLDVGDAYFSVCV11V) 
VIYQYMDDL (V9L) 
ILKEPVHGV (I9V) 
PLVKLWYQL (P9L) 
ESEIVNQHEQ(E11Q) 
ELVNQHEQL (E1 0L) 
LLWKGEGAV (L9V) 
KLTPLjCVTL (K9L) 
KLTPLCVSL(K9L-8S) 

RLRDLLUV (R9V) 
PLTFGWCFKL (P10L) 
AFHHVAREL 0A3L) 



CDS epitopic peptides 



Frequency among HIV 1 isolates [%f 



[Ref] 



CladeA 


Clade B 


CladeC 


All dades 




56 


46 


33 


32 


[24] 


11 


83 


20 


39 


[25] 


89 


97 


100 


93 


[271 


100 


100 


87 


9B 


[27] 


0 


79 


0 


21 


[21] 


89 


90 


93 


56 


[27] 


33 


93 


67 


78 


[231 


11 


76 


80 


61 


126] 


89 


100 


93 


B6 


[21] 


0 


7 


87 


22 


[213 


0 


7 


87 


25 


121] 


69 


100 


93 


97 


[25] 


82 


86 


96 


61 


[19] 


0 


4 


0 


2 




0 


65 


4 


25 


« 


34 


73 


100 


66 


120] 


0 


17 


15 


13 


[22] 



» w^des wero calculated from the N.H website <http://hiv-web^^ 
cj Potential epitopes with high affinity for HLA-A0201 molecules, 
d) V, Bamaba. personal communication. 



The results, given in Table 3, Indicate that with only few 
exceptions (E11Q. H9V) the P1 -substituted peptides dis- 
played enhanced affinity and stabilizing capacity for 
HLA-A0201. 



2A CTL responses of HHD mice injected with 
P1 tyrosine-substrtuted peptides 

Mice were injected s.c. with the substituted peptides- 
Following in vitro restimulation with the same peptides, 
spleen effectors were assayed against 51 Cr-labeled 
HHD-transfected RMA-S cells prcHncubated with either 
Pi tyrosine-substituted, wild-type or control (lnf.m,G9L) 
peptides. 



Improvement in the cytolytic responses were generally 
observed in terms of number of responder mice and 
strength of their responses (Table 4). Notably, CTL 
responses were Induced against Y/P9L and Y/P1 0L pep- 
tides, which were non-lmmunogenic as wild-type pep- 
tides. The CTL responses raised by the substituted pep- 
tides were, In almost all cases, able to recognize target 
calls loaded with the corresponding wild-type peptides. 
Levels of crass-recognition (ratios of maximal lysis 
obtained testing target cells sensitized with wild-type 
versus tyraaine-substttuted peptides) ranged between 
25 and 105%. Higher levels of cross-recognltfon were 
observed when the sensitizing wild-type peptide was fur- 
ther included in the cytolytic assay medium (r.e. P10L, 
data not shown) a likely reflection of a poor stabilizing 
capacity- 
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Tabte 2. Cytolytic response of HHD mice injected with 



CDS eprtopic peptides 


Respondcr/tested 
mice** 


specific lysis 




S9L 


4/5 


66, 60, 46.26 




T9V 


2/6 


22, 19 




E9V 


0/6 




POL 


uov 


1/6 


48 




A9M 


3/6 


67, 15, 14 




V11V 


3/6 


57, 18, 16 




V9U 


1/6 


34 




19V 


4/6 


52, 35, 29, 16 




P9L 


0/6 






E11Q 


0/6 






E10L 


0/6 






L9V 


3/6 


52, 22, 1 3 


ENV 


K9L 


0/6 






K9L-BS 


3/6 


18,13,10 




R9V 


1/6 


14 


NEF 


P10L 


0/6 






A9L 


0/6 





a) Mice were Injected s.c. at the base of the tall with 1 00 jig 
peptide emulsified in IFA. Seven days later, splenocytes 
were restimulated for 5 days in vitro with syngeneic LPS- 
lymphobiasts puked with the immunizing peptide and 
tested in a fil Cr-fetease assay against either relevant or 
control (Inf.m, G9U) peptide-pulsed HHD-transfected 
RMA-S cells. 

b] Maximal specific lysis observed usually at a 100:1 BT 
ratio. 



One exception was the V11V peptide, which in its 
tyrosine-substituted form was unable to induce cytolytic 
responses. Based on those results either wild-type or 
tyroslne-substituted peptides were selected foe further 
immunizations. Wild-type peptides were chosen if they 
were of equal or better immunogenicity than their 
tyrosine-substituted homologues. 



2.5 Cross-recognition of the main HIV 1 variants 

Whereas some epltopic peptides tested are highly con- 
served among HIV 1 isolates (E9V. UQV, vn v, V9L, L9V, 
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Table3. Relative affinity and stabilizing capacity for HLAr 
A0201 molecules of wild-type and P1 tyrosine substituted 
HIV (-derived CDS eprtopic peptides 41 



CD8 epitopic 
peptide? 



GAG 



POL 



ENV 



NEF 





Wild-type 
peptides RA B, /DC < * 


PI tyrosine 
substituted 
peptides RA/DC 


S9L 


5.5 / > 6 h 


5 / > 6 h 


T9V 


5.6 / > 3.5 h 


5.5 / > 6 h 


E9V 


21 /<2h 


1 .75 / > 6 h 


L10V 


10/<2h 


1 .5/4 h 


A9M 


5/2 h 


1 T 75 / >■ 6 h 


V11V 


4.5/2 h 


2.5/3,5 h 


V9L 


> 1007NM 


l5/<2h 


I9V 


1/5 h 


NT 


P9L 


> 100/NM 


15/<2h 


E11Q 


> 100/NM 


> 100/NM 


E10L 


> 100/NM 


10/<2 h 


L9V 


7.5/>6h 


5/>6h 


K9L 


0.65 / > 6 h 


0.4/>6h 


K9L-SS 


1.35/>6h 


0.7 / :> 6 h 


R9V 


> 100/NM 


> 100/NM 


P10L 


> 100/NM 


5/NM 


A9L 


> 100/NM 


7/>6h 



a} TAP" HLA-A020TT2 calls were overnight incubated with 
various concentrations of tested and reference 09V) 
peptides. j L . . 

b) Relative affinity (RA) is the ratio of the concentrations of 
tested versus reference peptides needed to reach 2Q% 
of the maximal amount of stabilized molecules as defined 
with high concentrations of reference peptide, 

c) Half-life of stabilized HLA-A0201 /peptide complexes 
(DC 50) was evaluated following T2 cells and peptide 
000|ig/mO overnight incubation by measuring at 
time intervals (0. 2. 4, 6, 8h) the amount of residual 
cell surface peptide-HLA-A0201 complexes following 
peptide removal, T2 cells being maintained at 37 D C in 
the presence of brefekJlne A to block cell surface export 
of neo-synthetized HLA-A0201 molecules. In all these 
experiments, the amount of stable peptide-HLArA0201 
complexes was evaluated by Indirect immuno- 
fluoresence and FACS analysis. 

NT, not lasted, NM not measurable due to too low peptide 
affinity for HLA-AO201 molecules and in P10L case, 
peptide toxicity for T2 cells. Whereas RA and DC values 
were satisfactorily reproductible (variations between 
experiments in a 10% range), they underestimate for 
some peptide their affinity for the HLA-A0201 molecules 
due to poor solubility or to the presence of a cysteine 
residue promoting peptide dlmerization. In a more 
extensive study roughly 10% of the poor binder/poor 
stabilizer peptides turned out to be good immunogens 
(K. KosmatopoJos, unpublished data). 
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* uun ™rr inlected with P1 tyrosine substituted peptide and cross-recognition of wild-type 
Table 4. Cytolytic response of HHD mice injectea wrtn r i iy<^ * 

HIV l-derived epitopic peptWes ■ 

Cross-recognition of w.L peptide 
(% of maximal lysis) 1 * 



Y/P1 substituted epitopic peptides 


Rasponder/tested 
mice 1 " 


Maximal lysis* 


GAG 


Y/S9L 


4/B 


55, 54, 34, 31 




Y/T9V 


3/5 


67, 62, ae 




Y/E9V 


1/6 


47 


POL 


Y/L10V 


0/6 






Y/A9M 


a/e 


' 40, 30 




Y/V11V 


076 






Y/V9L 


4/6 


21, 17, 17, 16 




Y/i9V 


NT 






Y/P9L 


3/e 


96. 63, 55, 11 




Y/E11Q 


076 






Y/E10L 


076 






Y/L9V 


1/6 


30 


ENV 


Y/K9L 


3/6 


28, 27. 23 




Y/K9L-6S 


5/6 


73, 60,56,33, 23 




Y/R9V 


1/6 


64 


NEF 


Y/P10L 


4/6 


90, 75, 37, 25 




Y/A9L 


0/6 





4/4 65% 

3/3 65% 

1/1 53% 

\/2 33% 

4/4 105% 

4/4 53% 



1/1 43% 

3/3 76% 

5/5 80% 

1/1 25% 

4/4 4S% 



- * ^ * ha^ af the tall with 100 ug of tyrosirie-substituted peptide emulsified in If A. Seven days later, 

4 W* e ^ in J^^ rymphoblasts pulsed with the immunizing 

transfected RMA-S cells. 

b) Maximal specific lys* ^.^^^^f^HHD^sfect^ RMA-S ce.fe was tested for each ^ponder mouse. The 
C> ° M ?Z5£?. cr^s tSSSSStSS. pS^^»«Inb» Of mle. recognizing the corresponding tyrosine- 

peptide. NT, not tested. 



P©g some others (R9V. S9L, T9V. A9M. Piaq are 
lees conserved and (with the exception of R9V) coexist 
with variants of significant frequency [31]. Therefore we 
tested for the latter five epitopes whether the CTL 
responses elicited by the selected wild-type or tyrosine- 
substituted peptides cross-recognized their most com- 
mon variants. 

Cross-recognition was generally observed (Fig, i)- Fol- 
lowing vaccination with A9M and restjmulation with 
A9M P the CTL recognized A9M-3T, A9M-3T7K and A9M- 



3T4A7D variants, with the same efficiency as A9.M. TTie 
p\ot variants were cross-recognized as efficiently 
(p|lOL-3C, P1QL-4L) as or slightly less efficiently (P10L- 
bV) than P10L following immunization with Y/P10L Vac- 
cination with S9L and Y/T9V generated CTL. which, 
however, recognized the variants S9L-6V, S9L-3F and 
T9V-91 less efRciently, respectively. Part of these obser- 
vations may reflect the participation of the substituted 
residues in the antigenic motif seen by the TCR as best 
exemplified by the K9L-8S epitopic peptide, which was 
never recognized following Y/K9L vaccination. 
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Rg. 1. Cross-recognition of HIV 1 most common variants. 
Mice were immunized and splenocytes were restimulated in 
Vitro with S9L. Y/T9V, Y/P10L A9M or Y/K9L synthetic pep- 
tides as indicated In the legend of Table 2. Cytolytic activity 
was evaluated against peptide-loaded HHD-transfected 
RMA-S cells using lnf-m.G9L as negative control. Sequence 
and frequency among HtV 1 isolates (all clades) of the ec- 
topic variants: S9L (32%), S9L-3F (P3, Y/F, 22%). S9L-8V 
(P8. T/V, 6%), TBV 09%). T9V-9I [P9, V/l, 34%), P1 0L (65%). 
PI OWC (P3, T/C, 14%). P10L-8Y <Pfl. F/Y. 6%). P10L-4L 
<P4, F/L, 5%). A9M (21%). A9M-3T (P3. V/T, 18%), A9M- 
3T7K (P3. V/T; P7. T/K, 6%), A9M-3T4A7D (P3. WT; P4 P E/A; 
F7, T/D, 5.5%). K9L (81 %) K9L-8S (P8. T/S, 2%). 

2^6 DNA polyepHope Immunization 

A polyepitope containing 13 epitopes in either wild-type 
(S9L L10V P ASM, V11V, L9V) or tyrosine-substituted 
forms (Y/T9V, Y/E9V, YA/9L, Y/I9V, Y/P9L Y/K9L, Y/K9L- 
8S, Y/P10L), without amino acid spacers between epi- 
topes, was introduced into the pre-S2 segment of the 
middle S hepatitis B protein. HHD mice were Injected 
i.m. with pCMV-B10 recombinant DNA and were individ- 
ually assayed 3 weeks later, Splenocytes were restimul- 
ated in vitro in separated cultures twice with each of the 
13 epitopte peptides. CTL activity was evaluated using 
peptide-seneitized HHD-transfected RMA-S target cells. 



The results of a representative experiment are illustrated 
in Rg 2 With the exception of L9V, all epitopes included 
in the polyepitope induced specific CTL responses with 
significant recognition of the wild-type peptides. Glob- 
ally, the same hierarchy in terms of immunogenicity was 
observed following immunizations with both polyepitope 
DNA and purified epitopic peptides in I FA. 

To obtain more accurate information on the CTL 
responses induced in vivo following polyeprtope DNA 
immunization, CTL frequencies for each of the 13 wild- 
type epitopic peptides were evaluated in an lfN-v EUS- 
POT assay testing mice Individually. The results given in 
Tables confirmed that multieprtopic CTL responses 
were Induced in vivo in each immunized mouse. In spite 
of inter-individual variations in the strength of the 
responses, a hierarchy of immunogenicity of the epitopic 
peptides, comparable to that observed following more 



Table S. Frequencies Of epitopic peptide-speCific IFN-V" 
secretin" splenocytes HHD mice immunized with DNA poly- 
epitope a) 



CDS 

epitopic 

peptides 



IFM-y ELI SPOT numbers per 1 0* splenocytes 
Mouse 1 Mouse 2 Mouse 3 Mouse 4 



S9L 

T9V 

E9V 

L10V 

ASM 

VllV 

V9L 

19V 

l*9L 

J9V 
l<9L 
X9L-8S 

=>10L 



497 


170 


232 


203 


122 


33 


31 


69 


85 


47 


68 


52 


S1 


32 


0 


86 


91 


29 


0 


13 


340 


30 


39 


162 


37 


51 


20 


62 


41 


26 


13 


123 


0 


29 


0 


15 


0 


59 


0 


48 


177 


305 


182 


146 


57 


47 


0 


53 


72 


46 


0 


" 69 



a) Splenocytes from HHD mice immunized 21 days earlier 
with HIV 1 -derived DNA polyeprtope were cultured In the 
presence of each 13 HLA-A0201 -restricted HIV 1 -derived 
peptides (1 mg/ml, 1 x 10 e cells/we", 40 h). IFN^r 
relaasing cells were then evaluated in an anti-IFN-y 
EUSPOT assay- Peptide-specific spot numbers were 
obtained by subtracting the number of background spots 
(as determined in wells with Inf.m^B irrelevant peptide) 
from the number of spots with HLA-A0201 -restricted 
HIV 1 -derived peptide. 
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their wild-type configuration usinfl inf,m.G9L as negative control. 



prolonged in vitro restimulation and s1 Cr-release assay, 
was observed. 

A subsequent and independent experiment was per- 
formed to determine whether long-lasting multiepltopic 
CTL responses could be elicited by the polyepitopic 
immunization and could recognize target cells present-, 
ing naturally processed epitopic peptides. Six mice were 
individually tested 6 months after Immunization, Spleno- 
cytes were restimulated in vitro as in the previous experi- 
ment and tested against both HHD-transfected RMA-S 
cells loaded with wild-type peptides (Hg. 3A) or HHD- 
transfected HeLa cells infected with recombinant vac- 
cinia viruses coding for HIV 1 (LAI isolate), GAG. POL. 
ENV or NEF (Rg, 3B). The results of a representative 
mouse (Fig- 3) indicate that long-lasting CTL responses 
against most of the epitopes included in the polyepitope 



could be induced in Individual animal. In this latter exper- 
iment a L9V-specffic response was induced, whereas a 
A9M response was not, a likely reflection of individual 
differences in T cell repertoire mobilization- Of peculiar 
interest, most of the elicited CTL lysed HeLa cells 
infected with the HIV 1 recombinant vaccinia viruses. 
One noticeable exception, the Y/P1ulTCTL responses 
tailed to lyse HeLa cells Infected with HIV 1 NEF (LAl-iso- 
fcrte) recombinant vaccinia viruses, a possible conse- 
quence of the expression by this isolate of the P10L-8Y 
epitopic peptide variant less efficiently cross-recognized 
' : ig.lo). 



r 



Therefore, in vivo immunization with the HIV 1 polyepi- 
1ope construct elicited multiple CTL responses in an indi- 
vidual mouse of sufficient strength for recognition of cells 
presenting naturally processed HIV 1 antigens. 



I 
I 

j 

i 
i 
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FFg, 3. Recognition of naturally processed antigens (see also 
legend to Fig. 2). Polyepitope DNA-immunized splenocytes 
from a single mouse we* restimulated in vitro with each 
immunizing (1mm.) peptide, and assayed against wild-type 
HIV 1 -derived or control (Inf.rn. G9L) peptide-sensitteed 
(sens.) HHD transfected RMA-S cells (A) and HHD- 
iransfected HeLa cells infected with either GAG, POL, ENV 
or NEF HIV 1 recombinant (LAI isolate) vaccinia viruses (B) 
according to the viral protein origin of the peptides. Specific 
lysis at SO, 12.5 and 3 E/T ratios (from top to bottom) were 
calculated by subtracting the nonspecific lysis obtained with 
control <lnfm<39L) pulsed or wild-type vaccinia vrruS 
infected targets. 



3 Discussion 

Unlike acute viral infections, often characterized by oli- 
goepitopic immunodominant CTL responses [32], the 
long-lasting antigenic challenge of an HIV infection is 
often associated during the latent chronic phase of the 
disease with the development of polyepitopic CTL 
responses in infected Individuals. Whereas such polyepi- 
topic responses during the primary infection have been 
associated with a better prognosis [9, 10J. their emer- 
gence is usually delayed, reflecting asynchronicity in the 
development of different responses and variations In 
their capacity to persist over time. It is likely that such 
variability reflects in part intrinsic differences in the 
Immunogenic potential of the different epitopes, 

A significant number of the HIV 1 -derived native epitopes 
tested in this study failed to induce significant CTL 
responses, and these failures correlate quite satisfacto- 
rily with a low affinity for HLA-AQ201 molecules and a 
low stabilizing capacity of these epitopic peptides. To be 
of interest for vaccine development, their immunogenic- 
Hy has to be implemented in thQ respect of their antige- 
nicity. The P1 tyrosine substitution has, in most oases. 
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fulfilled this goal- Such an enhancing effect was first doc- 
umented for the I9V epitopic peptide with human CTL 
fad] A similar observation was made with a melanoma 
epitopic peptide (Melan A/MAHX1.27) where the tyrosine 
residue was added at its N terminus [33]. More recently, 
we generalized these observations to a series of 30 
human tumor-derived epitopic peptides [28], in the pres- 
ent study, this enhancing effect was documented foe- 
seven additional. HIV 1-derived, epitopic peptides and 
we could document cross-recognition of the corre- 
sponding wild-type epitopic peptides. Trie possibility to 
induce CTL responses specific for multiple epitopes, 
including responses against normally weak even cryptic 
epitopes may not only be beneficial in preventive vacci- 
nation but could also be of immunotherapeutical interest 
in hiv 1 infected patients. Indeed, these weak or cryptic 
epitopes may not have been Immunologically driven to 
mutate and the corresponding CTL clones not down- 
regulated or deleted as has t>een observed in certain 
cases [34]. 

The tyrosine enhancement of affinity and stabilizing 
capacity could be due to the development of a stacking 
interaction with the aromatic ring of tryptophan 167 in 
HLA-AQ2QT. as ciystographically documented for the 
hepatitis B nucleocapsid 16-27 epitopic peptide which 
has a natural Pi phenylalanine [35]. With few exceptions 
(A9M. V11V), tyrosine substitution did not alter the anti- 
genicity for CTL of the HIV 1 peptides. Trie terminal posi- 
tion !of the P1 residue side chain in the antigenic surface 
presented to the TCR [35]. and the immediate vicinity of 
the main anchor residue (Leu in P2 for HLA-A0201- 
bound peptides), probably conceal the structural modifi- 
cation to a limited area only scanned by few CTL. The 
twedocumented exceptions, however, justify a case by 
case verification of the expected immunological benefi- 
cent of such substitution (36], TTie tryptophan 167 being 
conserved among most HLA class I alleles, the PI tyro- 
sine effect might apply to other HLA class I molecules. 
However, the structural polymorphism of HLA class I 
molecules, including that of their anchor positions, 
makes it likely that the antigenicity of tyrosine- 
subsfftuted peptides will not be always as wen preserved 
as in the case of HLA-AD201. 

The ! transposition to humans of immunological observa- 
tion's made in mice, of which the immune system has 
been partiafly humanized, Is still a matter of debate. Tol- 
erance to species-specific self peptides, functional dif- 
ferences in the antigen-processing machinery of the two 
species, as documented for the TAP-peptide pumps 
[37]'. should modulate differentially to some extend the 
capacity of the two species to mount CTL responses. 
However, evidences reported in the literature [16, 38, 39] 
as well as those that we have accumulated in our labora- 
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tones Ommunodominance in the two specie* of the CTL 
rSpanse against the same Influenza mainx pept.de [17] 
Nation in humans of new epltopic 
n^man oncogene following their identification ,n HHD 
See; K. Kosmatopoalos et al. unpublished results) sup- 
port the notion of a substantial overlap. For studies 
where humanized mice are used to improve the .mrnuno- 
genlcity of epitope peptides already described in 
humans, the concern of non-transposition rs rather lim- 
ited For studies, using the same mice, attrung at the 
identification of new eprtopic peptides, a validahon in 
human is required, but will be simplified by focusa.nfl on 
tha most promising peptide candidates selected with the 
humanized animals. 

To be of real value, an HIV vaccine should not only simul- 
taneously induce CTL responses against several epi- 
tope peptides, but also target conserved peptide mofcfc 
or induce responses recognizing most of the vartan s. 
These two goals am satisfactorily reached with the poly- 
opic construct described. With the exception of the 
K9L and K9L-85 (6196 and 2%. respectively, of the HIV 
isolates), for which the lack of cross-recognition led us re- 
introduce both motifs in the polyepitope. for all other epi- 
topes, the sequences were highly conserved among iso- 
lates or the induced responses cross- re cognized the 
main variants. Despite the extensive structural variability 
of HIV a polyepitope construct of potential vaccine inter- 
est can be devised for HLA-A0201 individuals. DMA 
immunization was well adapted for mouse experimental 
purposes. Its efficiency in primates and feasibility on a 
mass scale In man are, however, still matters of specu- 
lation and debate. The HHD mice are certainly we" 
adapted to evaluate other vaccine strategies as exempli- 
fied in a parallel study with a recombinant vaccine [40]. 

4 Materials and methods 

4.1 Mice 

HHD mice express a transgenic monochaln histocompatibil- 
ity class I molecule in which the C terminus of the human 
B2m is eovalently linked to the N terminus of a chimeric 
heavy chain (HLA-A02D1 a1-ct2, H-2D 5 a3 -transmembrane, 
and Intracytoplasmic domains). The H-2D* and mouse $2m 
genes Of these mice have been disrupted by homologous 
recombination [17]. AH mice used were bred in our animal 
facility. 

4.2 HLA-A0201 peptide binding and stabilization 
assays and immunization procedures 

Peptides, purchased from either NEOSYSTEM (Strasbourg, 
France) or SYNT:EM (Mimes, France), were dissolved In 
dimethylsulfoxide (DMSO, 20 iil/mo peptide) then diluted in 
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PBS <2mg/ml). binding and stabilization assays 

wfe pedcK^ed as already described [28]. M,ce were 
injected^ at the base of the tall with 100 I ug of a HLA- 
A0k01-restricted peptide, with or without 140 m of the 
neiper Peptide QW con, 12S-140, TPPAYRPPNAPIL^ HBV 
oopnS, ^Hied in IFA (DIFCO. Detroit, Ml) 7 days 
before in vrtro restlmulation- 

4^3 /„ vitro restimulation of effector calls, cytolytic end 
|FI4-v enzyme-linkod immunospot IELI5POT} 
assays 

SpleU cells from primed mice were restimulated using irra- 
diated, peptlde-loaded (5x10 s cells/ml. 10 HQ/ml pept.de 
2 h at RT in FCS-free RPMI medium), LPS-induced HHP 
lyrnphoblasts. On day 6, cultured cells were tested in a 4 h 
^Cr-release assay, usinfl as targets either HHO-transfe^ed 
TAP : RMA-S cells loaded with relevant or negative control 
influenza matrix 5&-66 (GlLGFVFTL lrrf.m.G9L) peptides 
(10 ilo/ml) or HHD-transfected He La cells Infected overnight 
(lOPFUycelO with either recombinant (HIV 1 LAI isolate) 
GAG POL, ENV or NEF or control wild-type (Copenhagen 
sJaln) vaccinia viruses. Specffic lysis was calculated as 
fo lows: (experimental release - spontaneous release)/£totei 
re ease - spontaneous release) x iOO. The number of epltopic 
peptide-specific IFN-y-secreting splenocytes was deter- 
m ned by EUSPOTas already described [41]. 

4.4 Polyepitope recombinant HBs DMA construct 

The' polyepitope DNA was constructed, using partially 
complementary oligonucleotides (Genset. Paris. France) 
arid' PCR amplification. The final construct was inserted 
between the EcoRl and Xho! sites of the pCMV-BIO expres- 
sion vector- Recombinant plasmlds were purified on LPS- 
free QIAGEN columns (QIAGEN, Hilden, Germany). Mice 
were injected lm with IDp-M cardiotoxine {LATQXAN, 
Rosans, France) in 50 ill PBS and, 5 days later, with 100 mq 
pCMV-B10 DNA for a 21 -day priming. 

jcknowleclgments: The authors are grateful to N. Sauzet 

fdr secretarial assistance and Transgene for providing us 

with HIV 1 recombinant vaccinia viruses. This work was 

funded by the Inetltut Pasteur, Sldaction and the Agence 

rationale de Recherche contre-le SIDA,-S. Tourdot and A. 

uUa-Vidal were the recipients of fellowships from Pasteur 

M&rieux Formation and Sidsction, respectively. 

I 
i 

■I ' 

References 

I . 

'1 Borrow. P., Lewk*i. H_. Hahn, B. H., Shaw, G. WL ondOW" 
' stono. M. B. A., Virus-specific Que- cytotoxic T lymphocytes 
activity associated wlLh control of viremia tn primary human 
imrnuncxlcricicncy virua lypa 1 infection. J. Wrof. 1fi04. 68: 
6103-0110. 



No Transmission Information Available 
20/11 '02 15:33 FAX 613 9663 3099 



on_line [03_for SF10017 printed 11/20/2002 
RI 



_F.B. RICE & Co., 



08:22 * Pg 42/5P 



042/059 



Eur. J, Immunol, 2001. 37; 3064-3074 

9 ICntm R A, Safrit, J, T„ Cao, Y., Andrews, C. A, Lecd. G. NL, 
B^owsfc WForthing. a and HO, O. Temporal assoaa- 
KSKmmune rlsponses vnlh the '^"^^ 
in primary human ^rnmurvxteficiEncy virus type 1 syndrome, 
J.WroM994.B&465CM655. 

* o-^iart r nflinartsl J. F- and Schacker, T, The qualitative 

!^-f^e^ 

of plasma viremla. Proa Natl. Acad, Sa USA i as r . 

4 Busayne, F„ Burgard. M, Tefllas, J. P„ Bui J RoiiztoixxjC.. 
£S™TwTj fHancfie, S. and Riviere, Y„ Earty human innui- 
r^S^nV^O^Wiflc cytotoxic T lymphocyt^ (CTL) 
Snd ds^se pr^reWton incHldren bom to M 

enl JuDSfte* i*m. Refwv/rvses 1698. 14; 1435-1444. 

5 Panttfeo. G-. Graziosi, C. and Fauci, A. S, Vlrologic and imma- 
n^ScB^ni in primary HIV Irrfeotion. Sprfrioer Semrn- '/nmuno- 
pftfhoL 1997. 18: 257-266. 

6 fichmitz, J. fc, Kuroda, M. J., Santra. S-. Seville, J G., 
sS»n7M^ Ufton, M. A-* Racz, P., Terwwr-Ba^ K, Dale- 

fieri. D. C, Rleber. R, Lewln, L- s"d fteimann, K. A-, ^oo- 
lymphocytes- Science 1999- 2^3= B57-860. 

7 Dean, M., Carrington, Winkler, C Hatdey. G- Smjth, M. 

Xmperts, eL Donfield, S, Vtabav, O m Kastow. rV Sash, ^ 
rWJo. CDetete. R- and O'Brien, & J„ Genetic resfrwttQn of 
HAM infection and progression to AIDS by a deletion allele of the 
CKR5 structural gene. Sdtence 1996, 273: 1856-1852. 

a Daiod, M., Dupuia, M. F Dcschemln, J--c., 9°"^; J*- 
DbvbhU, a. Meyer, l_ Ngo, N.. Rou^ovju <*^J^ 
Delfrai^y, J.-F.. SInet, M. and Venat, A., Weak anU-H(V CDS T 
cen effector ectivily In HIV primary jnr&ciion. J. Ctln. invest. 
1999.104: 1431-1439. 

9 MaUortf. J. W„ Kinggley, L. A. and HinoJdo, C. Quantitation 
of HIV-1 RNA In plasma predicts cuieorne after seroconversion. 
Ann. Intern. Med. 1995. 122: 573-579. 

10 Musay, L., Hughos. J, Schacker. T., Shaa r T., Ojrey, L. and 
McEIrptti, J., Cytotoxic T ceil responses, viral ^ ^rtd diSd^ 
progreiiin in earty HEV-1 infectksn. JV. &gf. J. Med. 1997. 337: 
1267-1274. 

11 Hou, Hytand, L., Ryan, K. Wr, Portner, A, and Dohertj^ R Cp 
Virus -specific CDB* T cfdLl memory determfned by clonal bt*si 
Size. Nature 1994. 369: 652-654. 

12 Lou, l_ U Jamieson, B. D*, Somasundaram, T. and Ah^lS;' 
Cytotoxic T cell memory without anligsn. Nature 1994, 369: 
64&-652. 

13 Rodin, B., Grandldn, A. and Freftas. A- A, Anargy and exhaus- 
tion are independent mechanisms of peripheral T cen tolerance. 
J. Exp. Med. 1995. 131: 993-1003. 

14 Tanchot C, Lomwnlef, F- A-, Perarnau, B., Frartas p K A, and 
Rocha, B., DirforemlaJ reqiJrementa far survival and pi^mtion 
of CDS nalW or metnory T «lte. Science 1 B97. 276: 2D57--2062. 

15 Man. S., RSdgo. J- P- and Engelhard, Y. t Drversrty and domi- 
nance among TCP, recognizing HLA-A2.1* Infkianza rttatnX pap- 
tide in human class I transgenic mice. J- Immunol. 1994. 1S3; 
4458-4467. 

16 Vhioiio, A, Mareheslrt. D., Rrrao, Sherman, L. A- and 
€3hesnut, R. W. p Analysis of the HLA-restrictad influenza-spccinc 
cytotoxic T lymphocyte response in transgenic mi to carrying a 
chimeric human-mouse dass I major hislocompatibimy complex. 
JL Exp. Med. 1991. 173: 1007-1015. 



17 



18 



19 



20 



HIV 1 -derived CTL polyepltope 3073 

Pascolo, S., Barvas, N„ Ure.J. SmWl, A. G-. I LeniOrtrttar; F. 
V^Z* da^mil r. w|A-A2.1-rastricted education and cyto- 

H[A^2.1 monochain transgenic H-^ {^m double knockout 
mk:e. J. EXP- Med. 1997. 185: 2043-2051. 

First. H . Garcfa-Pons, F.. TowJot, S., Pasooto. Scardino, 
AL^Xr^chd. M--L. Jack, W. f Jung. G., Ko«natopou- 
SjK.?Maieo. L, Suhrbter, A_, Lomonnior, F, and l^nglado- 
S^yen. P.. H-2 class I knock-cut HUWCL1 tran^enic rruce: 
animal modal Tor preclinical «dm of i ^mor 
rmmunochempeutic stmtogi^. fwr. J- Immunol. 1999. 29^ 
3h 12-31 21. 

[Jupuis. M.. Kundu, S. K. and Merigan, T. a, Characterization 
^HLA>0201 -restricted cytotoxic T cell epitopes In conserved 
regions OT Ihe HIV type 1 gp160 protein. J. Immunol. 1^- 
2232-2239. 

Haas G. PEtalL U„ Dohrt, P., Lucctori, M. r Katiarna. C., 
D^oJt, Y. r BonAJofle. O. Bauer, tA n UllonfeWt, Jung, G ;r 
M^ier, B., Meyartians, A. and Autran, B., Dynamics of viral van- 
ante in HIV-1 Kef and specific cytotoxic T lymphocytes in wvo. 
JL Immunol. 1996. 157: 4212-4221 . 

Haas. G„ Samri, A-, Gomard, HosmaBn, A,, Duntze, 
Bouley, J. M„ Ihtenfeldt, H. G., KaHama. C. and Autrart, B. 
Cytotoxic t ceH responses to HTV-i reverse transenptase, integ- 
r«ge and protsase. A(0S 199S. 12: 1427-1436. 
22 Kadida, R, Haas, G m Ziminermarin, G. f HO^Yiafin. A^Spo*w^ 

22 K Semri.'A., Jung, G Oebra. P and A^n ^^from 
rfmpl>wd organs racofirtze an optimal HLA-A2 restricted and 
Sla*B52 restricted nonap^lide and sev^eprtopes in rttia C- 
t'ominal rteflksn of HW-1 Naf. J. Immunol. 1995. 154: 4174-4186. 

23 rlarrer £L, Harrer, T. f Barfaosa, P H FeinbaflS, M., Johnson. R, 
Bucnbinder, S. and Walfeef, B. D- f Recognition of the highly con- 
served region in the human Immunodefidency virua typa i 
reverse transcriptase by HLA-^-restrieted cytotoxic T lympno- 
cytes from an asymptomatic long-term nan progress E* J. InfeeL 
£te.1996, 1T3;476-*79. 

24 Johnson, R- P.TVocha, A., Yan 9p U Mazzaja. G. P., Pan^ij. 
6. U, Buchanan, T. M- and Walker, B. D. HIV-1 gag-speeffic 
cytotoxic T tyrnpnocytes recognize muttipla highly conserverJ 
epitopes. Fine, specificity of the gag-specific response defin&d by 
EiK j unstimulated peripheral blood mononuclear cells and 
cloned effector cells. J. Immunol. 1991. 147: 1512-1521- 

25 PartfW. K, O, Bednarek, M. A., Hull, L. ICUtZ, U. r ZweeHnk, B- 
C H. J. f Blddlson, W. E. and Coligan. J. Sequence motifs 
into* lant for peptide binding to the human MHC dass I mole- 
cule. HLA-A2. J. Immunol. 1992. 149: 3580-3537. 

26 taomides, T. J. Walker, B. D. and Eison, H. N., An optimal viral 
peptide rBCognized by T calls binda very tightly to the 
testrioting class I major hlstocornpatibil'rty complex protein on 
kitact cell but not to the purifiaa class I protein. Proc Nart, Acsd- 

Sfif. USA 1991. B3; 1127S-112BO. 

27 van der Burg, S. H., Kloln. M. R., van de VeWe, C KBst, W. 
M Mledema, F. and Metraf, C. J., Induction of a pnmary human 
cytotoxic T lymphocyte respond against a novel corwerved I epi- 
tope in a functional Bequance of HIV-1 reverse transcriptase, 
AIDS 1995, 9:121-127. 

29 Tourdot, S- Scardino, A^ Saloustrou, Gross, D. A., Pas- 
cok>, S.« Oordopeti^, P H Lamannier, F. A. and Kosmatopouws, 
kl A* aeneraJ strategy to restore immunogenicrly of nonimmuno- 
gente low HLA-A2.1 affinity peptides and discover cryptic tumor 
and virus epitopes of vaccinas interest. Bur. J. Immunol* 2000. 
jl 2:3411-3421- 

29 Rupport. J., Sidney, J\, Cells, lOibo, R. T. f Grey, H. M. and 
&v\Aq A-, Prominent role of secondary anchor residues in pep- 
;lde Ending to HUV-A2.1 molecules. Cell 1993 74: 929-937. 



No Transmission Information Available 
20/11 *02 15:34 FAX 613 9663 3099 



on line CO] for SF10017 printed 11/20/2002 

f,b, rice; & Co. 



08:22 * Pg 43/5 



043/059 



3074 



H. Flratetal- 



30 Poouo. R H-p Eron. J.| FreUnger, J. A. and Matsii, M., Ami DO- 
termlSl alteration of the HLA-A*02Q1 -restricted rwman immuno- 
deRciency virus pol peptide increases ^plcx ^Ir^ aadj 
vrtrt immunogenic^ Ptoc Na(/. Acad. So. l/SA tsas. 92. 
B1 86-81 70. 

31 Korfaet; B„ Moore, J, Brandar, C Kovp, Haynes, B and 
Walker, B. (EdsJ Hr V mofecuJar j/nmunoJeoy cfetabaSc. Lo3 AJa- 
moa National Laboratory. Tneoreticai Biology and Biophysics, 
Lo 3 Alamos 1998. 

32 Cole, a A., Hogg, T, U and woodland. D. U,The MHC^jassl- 
restricted T cell responses to Sandal virus infechan in C57BL/G 
mice- a single immunodominant epitope elicits an extremely 
diverse repertoire of T cells, /m. Immunol. 1994. 6; 1767-1775. 

33 Men, Y, MksonnM. I.. Vaimori, D., Rlmoldl, D M Cerottlnl, J. a 
and Romero, P, Assessment of immun^enicrty of human 
Ivtetan-A peptide analogues in HUWT0201/Kb transgenic mice- 
J. Immunol, 1999. 162: 3566-3573. 

34 Pantaloo. C, Soudeynt. H„ Demarest, J. F, VaccaiezzH, M„ 
Gnxdosi. C„ Paolucci, S.. Daucher, M., Cohen, O- ^ Denis, F.. 
Biddfeon. W. E., Sefcary, R. P- and Fauci, A. S- Evidence for 
rapid disappearance of initially expanded HlV-spedfic CD 8* T 
oen clones during primary HIV Infection. Froo. Nat/. Acad- Sci- 
USA 1997. 94C 9848-9853 

35 Madden, D. R.. Garboozi, D. N. and Wiley, D. The antigenic 
identity of peplide-MHC complexes: a comparison of the confir- 
mations of five viral peptides presented by HLA-A2. Ce// 1993. 
75:693-708. 

36 Bullock, T M. r Cotetta, T. A_ and Engelhard. VrUTna density of 
peptfdes displayed by dendritic cells aTf sets Immune responses 
to human tyrosinase and gplQO in HLA-A2 transgenic mice. 
J. Immunol- 2000. 1B4: 2354-2361- 



Eur. J- Immunol. 2001. 37: 3064-3074 

371 Heemate, M. Schumacher. T„ N_, Wonigeit. K. and Ftoegh, 
H U Peptide translocation by variants of tne transporter associ- 
ated with antigen processing. Science 1 993. 262: 2059-2063- 

3S wontworth, P. A.. Vtuello, A^ Sidney, X. Keogh. Chesnut, 
' f± w Grey H. and Sette, Differences and eimilarllies In the 
A2.1 -restricted cytotoxic T cell repertoire In humans and human 
leukocyte andgen-irartsgenic mice. Em: J. Immunol. 1996. 26: 
97-101. 

3fl Falls, K., RotzECftKo. a. Faetti, fi, Goth, S., Graef, L Shastri, 
N. and Hammensee. H. G-. Both human and mouse cells 
expressing H-2Kb and ovalbumin process the same peptide. 
SllNFGKL Cfcff. Immunol. 1993. 2: 447-452- 

40 Woodberry, T„ Gardner. J.. Mateo, L P Eisen. D., Medveczky, 
' J„ Ramshaw, I. A., Thomson. S. A-. French, R. A.. ElfiOTt, S- L., 
First, H_, Lamonnier. F- A. and Simrbler. Immufiogenlcliy of 
a human immunodeficiency virus (HIV) porytope vaccine contain- 
ing multiple HLAA2 HIV CDr cytotoxic T cell epitopes. J- Wro/. 
1999. 73: 5320-5325. 

d1 Loirat, TX. LemonnTer, F. A. and Michel, hL Muttiepllopk? 
HLA-A'0201 -restricted immune response against hepatitis B sur- 
face antigen after DNA-based immunization. J. Immune*. 2000. 

165: 4748-4755. 



Correspondence: Huseyin Final, Unite d'lmmunrte Cellu- 
laire Antivirale, Departement SIDA-Retrovirus, 28 rue du 
Dr. Roux, Institut Pasteur. F-75724 Paris Cedex 15. France 
Sx; +33-1-4568-8942 
^-mail: firat@genethpn.fr 



i 



No Transmission information Available in on line [0] for SF10017 printed H/20/2002 08:22 * P 9 59 
20/11 '02 15:34 FAX 613 9663 3099 F.B. RICE_& «>» 



PATENT 



IN THE UNITED STATES PATENT AND TRADEMARK. OFFICE 



In re Application of: 
Suhrbier, et al. 

Serial No.: 09/576,101 

Filed: May, 22 2000 

For; POLYEPITOPE VACCINES 



Group Art Unit: 1644 

examiner: Huynh, P. N. 

Atty. Dkt.No.: FBRC:004/TMB 



DECLARATION OF ANDREAS SUHRBIER 



EXHTBIT AS15: 

Suhrbier Expert Rev. Amines I, 207-213, 2002 



252263584 



20 /ir T or^^ 



0n F^ ne RI ] CE f °^ Co 0017 PHnted 11/20/2002 08:22 * P9 45/ ^045/059 



Review 



Polytope vaccines for the 
codelivery of multiple CD8 
T-cell epitopes 

Andreas Suhrbier 

Vaccines against a number of diseases, including HIV, Epstein Barr virus, malaria and 
several cancers, are believed to require the conduction of multiple ap C08+ cytotoxic 
Mymphocyte responses that are directed towards a number of different target antigens. 
The difficulties associated with making large recombinant vaccines that contain numerous 
antigens has ted to Ihe development of ap CD8+ cytotoxic T-lymphocyte polyeprtope or 
polytope vaccine approach, where multiple (usually 6-10 amino acids long) a0CD8+ 
cytotoxic T-lymphocyte epitopes, derived from several antigens are conjoined into single 
artificial constructs. Such polytope constructs can be delivered using a number of different 
vaccine vector modalities with each epitope in the construct emerging as individually 
immunogenic. ] 



Expcnft*. Vaccina 1(2), 207-213 |2002) 

CD8+ cytotoxic T- lymphocytes (CD8 T- 
cells) have emerged as crucial! components of 
protective immune responses directed against a 
number of diseases, including; HIV, Epstein 
Barr virus (EBV) and other |Herpcs viruses, 
several cancers and the liver stage of malaria. 
Unfortunately, the shore (usually 8-10 amino 
acids long) sequences or epitopes chat are rec- 
ognised by CDS T-ceJis in association with 
products of the class 1 major Ipsrocompatibil- 
iry complex (MHQ occur relatively rarely 
within protein sequences. Thus, an individual 
may only generate CDS T-cell responses spe- 
cific for one or two (often zero) epitopes 
within a given foreign protein nj. The situa- 
tion is further complicated in che case of HIV, 
where an individual may be challenged with, 
of develop during infection, HIV variants with 
epitope mutations chat, evade the CDS T-ccll 
responses directed towards die original epitope 
L2-5J. Clearly, if an immune response contains 
CD8 T-cell responses directed at multiple 
epitopes, the probabiluy chat the HIV virus 
can mutate all the targeted epitopes :md com- 
pletely escape immune control is gready 
reduced. Most cumors also present a unique 
problem, since the expression :of cancer anti~ 
gens, which can be targeted j by aaticancer 
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CDS T-cells f is often highly variable even 
wirhtn the same tumor mass 16.7]. Individual 
rumor antigens and MHC alleles can also be 
lost during development of the cancer. Thus, 
CD 8 T-ccll responses directed at multiple can- 
cer antigens and restricted through several 
MHC alleles promise to be more effective, 
since a greater percentage of the tumor cells 
should become subject to immune attack [3- 
lo]. The targets of protective CD8 T-cell 
responses against EBV include nuclear and 
latent antigens, which have been shown to 
have oncogenic potential- 

The development of prophylactic EBV vac- 
cines against infectious mononucleosis (IM) 
and post- transplant lymphoproliferative dis- 
ease (PTLD) have therefore favored the use of 
cpitope-based vaccines. To be able to cover a 
human population chat has a substantial 
diversity of human leukocyte antigen (HLA) 
alleles, epitopes resfrict-ed by a number of 
common HLA and derived from several EBV 
antigens need to be combined fn-13]- An 
epitopc-based approach has also been favored 
for human papilloma virus (HPV) vaccines to 
avoid using the oncogenic E6/E7 proteins 
For vaccines directed at die liver stage of 
malaria, the desire to target multiple liver 
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Table 1. Polytope and related vac cinas in murine system s> 



Disease 



Vector 



Ranking sequences 



LCMV 

Epstein Barr virus 
Various 

Various viruses 
HIV 

Melanoma 
Various 
Papillomavirus 
HIV+ Hepatitis B 

HIV 
HBV 

HIV 

Melanoma 
HIV 

Malaria 

Influenza 
Hepatitis C 
Various 

Tumors 

Melanoma 
Papillomavirus 

Malaria 
Various 
Various 



Vaccinia 

Vaccinia 
Vaccinia 
Vaccinia 
Vaccinia 

Vaccinia 

DNA 

DNA 

DNA 

DNA 



Hepatitis B fusion DNA 
vaccine 

DNA/modified vaccinia 
Ankara 

DNA/modified vaccinia 
Ankara 

Lipopeprjdes 

Lipidated peptides 

a pertusis adenylate cyclase 

Recombinant adenovirus 

Adenovirus + dendritic cells 

Chimeric papilloma virus-like 
particles 

Ty particles 

I5C0M 

Kunjin repficon 



" Yes + Kozac and initiation 
Methionine 

None 

None 

None (+0 0. CD4 epitopes) 

None 

None 

None 

Yes - AAY- +B + CD4 epitopes 

None 

None 

None and i 
None 



No. epitopes and restriction Ref. 

2H-2^ 



163] 



None 

None 

Yes 
AAA- 
None 

■AAA- spacers 
None 

+ Band CO* 

None 
None 
None 



9 Various HIA 
10 

3 H-2 d < b 

10 HLA-A2 

10HLAA2 
4Kb 



10 H-2' 
G HLA A2/24. H-2D b 

9 HLA A2/11 

20 HLAA2/11.B7 
9HLAA2/11 

13 HLA with altered ligands 

10 HLA A3 

2 H-2d f 4HLA 

1 H2Kd plus Plasmodium 
falciparum epitopes 

3 

2 HLA 

2 

1 H-2Kb 

4H-2 b 
2HLAA2 
BHLAA2. Al 
3H^2 b ,H2 cl ( HLA A2 

15 mouse and human 

4H-J d 
10 H-2 ak,b 



U3J 
tl9) 
[64] 
12] 

[41] 

(17) 
[161 

[33.651 

13,5] 
[66] 

[<5S] 

m 

IS] 

[301 
[U] 

[15] 
122] 
J27] 



A: Atanlnr, ft A^te to*i**r** HBV. Hcpodti s B vims: HLA: H.m.n ^kocyic ant.gcn; ISCOM: Imm.nostimulating ample; LOW: Lymphocytic 
choriomeningitis virus: Y: Tyrosine- 



stage antigens and cover several HLA alleles has also led to the within such conjoined string of epitopes ha, been shown 
adoption of the multicpitopc approach (>». These often dis- repeatedly to be .mmanogenic (TABLE ,,. 
ease-^cifie ^n, combined with ^ JrHc^ ^ co- ^ m 

strutting vaccines containing large numbers or recombinant ruiy. ^ ^.^^t^-umi di«iscs 

proteins! have led to the adoption of the polyepitope or poly- An increasing number o! polywpe ^ a "".^'^~^ 
tope vaccine approach for delivering multiple CDS T cell and d Jiwred by a ^/^"^"SS 
epitopes. The polytope approach simply combines multiple now ten shown to induce mubple P 1 ^' <f * 
CDS T-cell epitopes end to end to produce an artificial co.^ responses in several munne and m vttro ^rem* .table ». UnFonu 
S!Jwhich P r n P be delivered by anumbcr of differed v a c- . natc.y, f^^/T^f^'S^^J^ 
cine modalities. Perhaps surprisingly, every individual epitope . safe and efficient induction ol CDB T-«Il responses humans. 
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Nevertheless, several polytapoW vaccine* «be subject of 
cc^merdal development, have beer «*ed in monkeys and/or a* 
n^Tlr, Phase I human dinical aids using v^r syscem. «fa M 
hive shown promise in hiirrtins (table 2>- 

Q„ e l W. Australia, who holds a generic patenc *PP 
on polytopy rechnolagy pm). This puerc h» been tad to 
CSL ^Victoria. Australia and Bavaria* Nordic, Cop^Ka- 
«n. Denmark. Oxxon Pharmaccin« Led, Oxford, UK, holds 
p aWftt application on rheir HIV corurruc. : W and pnme 
boost strategy P 03,. Anocher patenL has also been Wed m the 
polytope area [2041. 
Interepiiope spacers & epitope order 

Most of rhc polytope constructs rested so far have con,oincd 
minimal epitopes without any intervening sequences and the 
majority of epitopes tesced have so far been shown to be .mo- 
nogenic (TABLE i * V. Recendy, sev^l reports have stored 
diat the immunogenic^ of individual epitopes might be 
enhanced by adding appropriate amino acids between die min- 
imal epitopes to improve their proteolytic processing and there- 
fore immunogenic^ pfi-iai. In contrast other studies have 
shown that flanking amino acids ochcr than proline (P) and 
eluramine (G), which are rarely found at che end of epitopes - 
see discussion 119] - have minor influence on immune induc- 
tion and thac epitope irnmunogenicicy is primarily regul^d by 
residues wkhin the epitope po-22]. Experiments seekmg to test 
rhc role of spacer? may often be difficult to interpret since 
changing the nucleotide sequence of these artificial gene con- 
structs can have unforeseen influences on transcription, mRJNA 
suability and translation efficiency. The pror.ein sequence can 
^ influence polypeptide stability, secondary structure and 



physicochemical characteristics pwfl. Whethe, ^ polytope vao- 
cin^s can be universally improved with specific mtercpitope 
spacers remain, an open question. Curtenr data would surest 
L most polytope vaccines efficiently P~'^' 
T-cc-U responses without spacers, although individual epitopes 
m av benefit from added flanking regions in specific cases. 

The order of epitopes within a polytope have also been 
shown in some [17,;*], but not other studies W , to influence the 
Immunogenic^ of certain epitopes. Similar arguments to 
chose given above apply and unfortunately unci rules (if any) 
ime «, empirical testing of all possible combinations fer even 
a small 10 epitope polytope would, for example, require the 
curing of over 3 million different construccs- 

immunodominonce & immunodominant 
It i, well established that a hierarchy of CD 8 T-cdl responses 
from subdominant to dominant can be seen in many diseases 
and following polytope vaccination BMW*. However, the ques- 
tion of whether dominant responses effectively suppress or inter- 
fere with induction of less dominant, responses (immimodomi- 
nation) remains controversial and potentially poses a problem tor 
polytope vaccines p*JWfl- In our hands, the removal of a domi- 
nanr HLA A2 epitope from an immunosti mulating complex 
(lSeOM)-bascd polytope vaccine being tested in 
mice did not improve responses to subdominant HLA AZ 
epitopes within the same vaccine (unpublished dara). Further- 
more, pre-exisdng CDS T-cdl responses to one epitope in a 
recombinant vaccinia polytope vaccine did not inhibit the 
Induction of responses to the other epitopes in that vaccine in 
mouse models, unlaw the pre-existing CDS T-cell responses were 
very substantial [28]. In contrast, Rodriguez etaL have lUustnued 
strong IFN-Y-mediatcd immunodominant effects in minigene 



Tpble 2. Some polytope va ccines in, or near to, human clinical trials- 
Disea se target 

Malaria liver stage 



Construct 



Vector modality 



Company/organisation 



HIV 

EBV, glandular fever. PTLD 

Malignant melanoma 
Advanced breast cancer 

HIV 



Plasmodium falciparum 
epitopes linked to 
mrombopsondin-relaied 
adhesion protein 

25 CDS T-rell epitopes linked to 
HIV-1 gag 

25 CD8 T-cell epitopes from 
EBV antigens fused to a 
fragment of gp350 

8 HLAA2/1 melanoma epitopes 

12 HLA A2 epitopes, H£n2/neu 

[701 

Multiple epitopes, 
collaboration with Epimmune 
Inc., San Diego, CA, USA 



DN A/modified vaccinia Ankara 

DNA/modified vaccinia Ankara 
Recombinant protein + 15C0M 

Adcnotransfcrrcd dendritic cells 
As above 

Modified vaccinia Ankara 



Oxxon Pharmaccines Ltd, Oxford, UK 

[15,52] 



Oxxon Pharmaccines Ltd, Oxford. UK 
CSL. Ltd, Victoria, Australia 

ICRF, London. UK \w] 
ICRF, London. UK S 

Bavarian Nordic, Coppenhagcn, Denmark 



. r , ^ fWirHF-lmflerial cancer research fund; ISCOM; Immunostimulati ng complex PUD: PuSt-transptanatation 

— — — 
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DNA vaccines and suggests that separation of the epitope* can 
overcome the problem [iv\. Smith «*L also showed inv,*r* 
inuminodomination effects after repeated rcstirnulacmn with 
dendritic cell (DQ-bnsed polytope vaccines L30]. The science o I 
inuTiunodominauon will probably remain an important issue For 
polytope vaccines, bur. die magnitude of che effects may be 
dependent on the vector system used and the epitopes involved 
pull- Furthermore, effective protection against cer f3 m diseases 
may be adequately mediated by subdominant memory responses 
that are amplified after challenge [\ 1.2a]. 

Modified MHC-binding epitopes & polytope vaccines 

The immunogenic^ of subdominanc epitopes can be 
enhanced by changing residues within the epitope that anchor 
the epitope to its restricting MHC [32]. This approach has been 
applied co die design of polytope vaccines against HIV |»j and 
breast cancer, with the latter expected to enter human trials 
shortly (table 2 Scai-dino and Kosmatopulos, personal commu- 
nication). Potent problems with this approach may be the 
induction of CD8 T-ccll responses with subcly altered fine spe- 
cificity that fail to recognize die parent epitope efficiendy [M35] 
and/or the more remote possibility of producing antagonist 
epitopes i3Gi. Nevertheless, appropriately chosen epitope iinalo- 
ges may find clinical application for stimulating or boosting 
otherwise subdominant CD8 T-cell responses MTU 

CD4 T-cell help 

It is well established that CD4 T-eells help in the priming :md 
maintenance of CD8 T-ccll responses Specific vaccination 

modalities like DNA may also provide help independendy of 
CD4 cells 140,41] and virus vectors arc clearly going to provide 
help to polytope epitopes via CD4 T-cell responses to the viral 
vector proteins [42], However, the question for polytope vaccine 
designers is often whether this CD4 T-ceJl help should be specific 
for the target pathogen (cognate) or if CD4 responses no irrele- 
vant antigens (noncognate) will suffice. Developers of prophylac- 
tic EBV, HTV and malaria polytope vaccines have all joined 
whole proteins or fragments of proteins from che target uranism 
to the polytope constructs to supply a source of CD4 help (and 
provide antibody responses) (TABLE 2). However, highly immuno- 
genic unrelated proteins hive been successfully used as sources of 
noncognate CD4 help in a number of epitope-based therapeutic 
vaccine trials 45] . If the vaccine is intended for immuno- 
therapy and the patients cognate CD4 responses are compro- 
mised by the disease,, noncognate sources of help may be more 
effective for priming and/or maintenance of vaccine-induced 
CD8 T-cell responses [2>%42>A4]. Noncognate help might also be 
supplied by CpG motifs [46]. antiCD40 antibodies or 
antiCTLA4 antibodies [4s]. 

Alternative strategies 

A number of other approaches for delivering multiple CD8 T- 
cell epitopes have been developed and include the construction 
of multiple antigen peptides W9.S0] or the use of a cockLail or 
library of DNA plasmids encoding a large range of antigens 



1 

L5i f 52j. These approaches may be more difficult to develop into 
products, as complex and/or multicornponeru vaccines arc 
likely to suffer from increased regulatory and quality control 
problems. Certainly, attempts to make vaccines comprising 
multiple peptide epitopes in water-in-oil emulsions suffer from 
^number of problems, including solubility, chemical modifica- 
tions and oligomerisation [53], although pepcide-based immuni- 
zation docs appear to overcome induction of weak responses by 
siabduminant epitopes [221. 

1 1 Better understanding of the struccure-runction relationships of 
potentially hazardous irnmunogens such as HPV £7 has allowed 
mutational ablation of transforming activity, which may thus 
remove the requirement for an cpitopc-based approach [54]. 

t 

Conclusions 

The value of polytope vaccines in che fight against human disease 
will have to await che outcome of human clinical trials (Table 2). 
Studies in monkeys have already suggested that polytope vaccines 
arc immunogenic in primates I*.*]. The first promising results of 
n'um.m trials to emerge are diose using the malaria polytope 
CrADLi; 2) (A Hill, personal communication). Hand- in-hand with 
the development of polytope vaccines will be the development of 
safe vaccine vectors capable of inducing effective CDS T-cell 
immunity in humans - many of these vector systems are only 
riow entering Phase I or II clinical trials. 

Bcpert opinion 

The polytope approach relies of the identification of CD8 T- 
ceil epitopes, which in turn relies on accurate information 
iboui class I HLA alleles. In western countries, the study of 
i-ILAs is well advanced due to extensive transplantation pro- 
gram*. The same cannot be said for populations in or from 
developing countries, where the identity, frequency and/or sub- 
type distribution of many HLAs remains poorly characterized 
ajnd Lhus, COS T-cell epitope mapping is less advanced. The 
problem is compounded when chc disease is present in multiple 
ethnic groups, which differ in their HI.A profiles. Although the 
appropriate information is being gathered it may be some time 
b'efoic, for example, a prophylactic HW polytope vaccine can 
tie deigned that will be effective in the majority of the global 
jiopulations currendy at risk from infection 15<SJ. The problem is 
less :<cute for an EBV glandular fever vaccine, as this disease is 
largely restricted to developing coun cries. 
'I Research to improve the immunogenicity of polytope vac- 
cines may continue co seek universal rules regarding spacers 
aind epitope order. However, equal consideration might be 
given co improving transcription, stability and translation of 
mRNA encoding polytope proteins [33.24]. Methods for 
improving cross-priming might also be considered for vector 
sysccms that utilise this route [57]. Any improvements derived 
from such studies andVor other improvements in vector sys- 
tems may also influence chc relative responses to subdominant 
ahd dominant epitopes [22.29]. 

! A rather unhelpful view expressed by some regulators may be 
chaL each epitope constitutes an individual vaccine component 
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apd thus each epitope must first be shown co be individually 
" ert rfcUl in humans before h can be added co a polyr^ ^ 
cine Hopefully, such an ill-conceived v«;w will p*i prevail 
t ivcn diau num current vaccines contain component ot 
tequcn^ with no proven benefit ind many current vaccine* 

M . l- i r-ric Ti-Ml CD 4 T-cell and B-cell 

abo contain multiple CDS 1-ceU, V-J-><* J «" « 

epitopes char have not been shown to be individually beneficial. 
Flve-yoar view 

in future clinical evaluations of polytopy vaccines po.«r per- 
formance of the polytopc approach may be differ ro disun- 
guish from poor performance of vector* and/or tbe ep.topcs, A 
Lod performance by a polytopc vaccine may equally lead to 
uncertainty regarding chc relative benefit of the polytopc 
approach versus the benefits imparted by an individual epitope 
artoVora codelivered whole antigen or antigen fragment. As it is 
unlikely diat polytope vaccines are going to be extensively 
tested bead-to-hcad with single epitope or whole-antigen vac- 
cines in human trials, the benefit of chc polytope approach in 
humans may only emerge from extensive correlation between 
CDS T-cell response data and clinical outcomes. 
"A* vaccines are being applied eo an increasing number of 
therapeutic applications, polytope vaccines may find appli- 
cation in the development of Immunothcrapeutics against 
autoimmune diseases. Selective CDS T-celU are now 
implicated in a number of aucoimmune diseases mm] and 



vaccines encoding Fa, ligand have been shown to produce 
y ndpen-specific T-cell tolerance [6.1, One could thus cnvii- 
a-e therapeutic a autoimmunity polytope vaccines code- 
livered with Fai lignnd or interleukin^ to produce specific 
C:D8 T-cell tolerance. 



Key issues 



Will spacers between epitopes improve polytope vaccines? 
How important are immunodomi nation effects and what is 
the best method for improving responses to subdorninant 
epitopes? 

. When should sources of cognate CD4 help be codelivered 

with polytope vaccines? 
. Are prophylactic polytope vaccines for the developing world 

and multiple ethnic backgrounds possible? 
■ Will the benefit or otherwise of the polytope approach be 

easily distinguishable in human Trials from the benefits 

imparted by individual epitopes, codelivered cognate 

proteins and/or vector systems? 
• Do polytope vaccines have a role in the development of 

Therapeutic anti-autoimmunity vaccines? 
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Multi-epitope DNA vaccines 

A SUHRBIER . 

„. ^ — » *— r~ — — ■ 

Queensland, Australia 

Sunu „ ar y The evolution of vaccine strategies has seen a = ^^S^SXZ^S. 
5Tid M« 'owardsjhej^^^ 5 Hften capable of 

L dearly compelling only a relatively tiny. ^"" n ^ ^ e p^ductionist era in epitopcb^J 
inducing protective immunity against a ^J^^^^^^Lo covins many epitopes The 
vaccino.ogy has seen a quest to re-construct ^^J^^t mu ltiplc antigenic targets, mult.ple 
hope is that such multi-^pitope vaccines might ^^."^NA vaccination to co-deliver a scries of an* 
variants, and/or even multiple pathogens. . n» ability of DNA J*^ ^ DNA . base d expen- 

U CD4 T ceU epitope, remain, large J «^-2j^2L«cr. recently been described. 

several diseases including EBV, HIV and cancer. 

• -n, -^^t, FINA EBV. epitope, HIV, melanoma, polytopy vaccine. 
Key words: cytotoxic T lymphocyte, DNA, fc» . ep»«H 



Vaccines containing multiple antibody epitopes 
Vaccines that could generate an antibody response to multiple 
serotypes would clearly be of some value against pathogens 
STstreprococcus or influenza where different serotypes 
cause disease. Synthetic peptide vaccines comprising linear 
antibody and Th epitopes combined as multiple antigen pep- 
tides (MAP) have been known for some time-' The original 
chemistry, however, placed practical limits on d» 
Srent epitopes that could be included m a MAP although 
mixing different MAP a PP ea« feasible * A recently devel- 
oped acryloylauoa-based chemistry now allows large num- 
bers of different epitopes to be co-polymerized into a single 
homogeneous contracture." Despite these devjop- 
men*, two fundamental lestxicuons are imposed on multi-B 
cell epitope vaccines. First, most antibody epitopes are not 
linear and are comprised of a complex ihree^mcnstonal 
array of scattered residues' and are therefore not readily rep- 
resented by a linear amino acid sequence. This problem may 
be partially ameliorated by cogently holding Luienr 
sequences in specific conformations* by using linear m im o- 
tc^e mimics of three-dimensional epitopes* or by flanking the 
epitopes with sequences which will fold the epitope MO me 
desired conformation .» Second. vaccinccS who have had pnor 
exposure to one or more of the epitopes in a mulu-B cell 
epitope v*eein* may not respond well to other epitopes in the 
vaccine because of the -original antigenic sin (UAS) 
phenomenon, which results in the boosting of pre-existing 
B cell responses at the expense of priming naive B cells 
specific for the new epitopes.'- 10 

Could multiple linear, appropriately folded or numotope 
antibody epitopes be combined in single plasmid DNA con- 
structs? Recently An and Whittou" showed that a muhi- 

Correspondence: Dr A SuhAier, Queensland ^^fj^ 
RncuchJK) Royal Brtatane Hospiisl. Bnstame. Qu«nsl«nd. «>-9 
Australia. Email: <andreajS@qimr.cdu.au> 

Received 17 April 1997; accepted 17 April 1997. 



epitope recombinant vaccinia construct containing a Unear 
antibody epitope could induce an antibody respond ^ suggest- 
ing that such an approach might be feasible. In contrast a 
malaria antibody epitope delivered in a similar manner did 
Z dace antdbV-ponse." The stability of die amft- 
cial multi-cpitope protein may be critical. 13 sincere mulu- 
protein could be detected when expressed by recom- 
binanTvacdnia i« mammalian cells in d» former but not me 
S stu'y. Thomson et ««.«"* suggested that arofical ptc- 
tcins may often be rapidly degraded in mammriian «B. 
because of their lack of secondary or tertiary structure. For a 
Sna v Jciie coding for multiple B cell epitopes to work, the 
mul-Upitope proteih w 0 md have to: 0> survive 
Z U ihe^nsfected cell in which it was synmcsired*..) be 
^ n ' U p by surface Ig oo a B cell; and 011] , £ 
class II pressing enzymes resulting m d.e^bem . O o of aTh 
epitope.'which can then be presented to Th cells Whemer 
ZJ&n can He developed which can fulfil these require- ■ 
"..q ^generate, rmMplc. .indepenrkntJB cpl .responses 
^m*ywM remains to be tested. Ultimately the 
^ttgies may not be generic and combining B cell epitopes 
might be better achieved using different technology. Alwr- 
nX£ the epitope-based approach might be avoided aHo- 
glcrand i individual DNA plasmids 

serologically distinct antigen might simply be co-dehvercd. 

which would generate "«*™^ 
an d may also avoid OAS. Recently. Merck rcpooed te£ 
ing of • scven-plasmid combination influenza DNA vaccine 
in monkeys. 16 

Vaccines containing multiple CD4 T cell epitopes 
Early experiments showed mat endogenous (cytoplasmic or 
LcleaO "Passion of CD4 T cell epitopes did 
efficient losing of Cass H MHC." Efficient d«Dj«n- 
tation was. however, achieved when antujen was targeted to 
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^ ma i or lysosomal compartments by construction or 
endosomal or lysosom ^ ^ , sequenee s from 

fusion ^"JStSy^-S^ 

Ac invariant ^'"-V^^, sn0 * e d that a. lea* one of 
Nevertheless. An .and * h ^ on d , con , iniel . which 

did not epitt ^ s have also been delivered 

response. ^ u P^^ w . v ; r responses against new 

M ^; a ^^^Xf sequences derived from 
junctional detenrnnantscomrwsM m _ ^ whetne r 

to reliably, .nauce m Thompson fi at- unpubl. 

vaccination remains to tesiet. ^ i r epitopes 
an« 1997) The relative abundance of cu* i ecu v v 
m CD8 eoiiopes may limit the need for multi-Th 
eorSts d^ign of vaccines against 

^ «c However such constructs may find appl.cat.on in 

xne'cytofcme secretion patterns of specific CD4 T cells 
responsible for autoimmunity or allergy - 

Polytope approach for multiple CTL epitope delivery 
The peptide epitopes recognized t>y CDS* <tf CTL are r^nly 
from eJLolic proteins by F-g*« "^'J 
tke multicatalytie proteasome «on»lw.£» Tte •Pjgg ' 0 
the DToteoli-lic processing events and the role of LM« 
^ « reviewed euTwhere-.^ essentially proieasomes 
SS side of hydrophobic basic and acidic 

Ses with the specificity for the latter decreeing ^ when 
£Lfcr 0 n-mducibl= LMP prottta. are associated wuh the 
T.»*«** The influences of sequences flanking CTL epi 
ETSTE JcUS processing events and one subsequent 
ESTJcn. epJpes remains C0 T ver 5 -u : .^ofound 
f* -nces of flanking sequences have been reported, 
L aver these can often. but no. always, be explained by 
*• -^ence of glycine or proline ***** 
„ hal epitope. Peptide bonds involving S^ine P™ 

rTsUdvely. are often relatively resistant to protease act.v,ry 

ST« aUo likely « be poorly cleaved by 

Despite these potential negative mfluences. CJL epitopes 

which were moved into novel locations within Afferent pro- 

Jns were often fully capable of Inducing CTL responses 

Designing minigene vaccines contain mg muUip 

wpes was initiated by Oldstor,c * and Whmon er al. 



^ a noiinliallv independently initialed mlnl- 
.ho combined I* » ^^m««s eoni«tains single CTL 
fenes . ^ nanking sequences, deli v- 

epuopes. Single epitope i oevo vaecination . havedso 

been shown to be ^^l^^iSi within an 
Recemly *e ««re able io show m» , ^ nlne 
artificial pclyepHope t or r ly '^ e w " s pressed and 
minimal CTL epitopes ,« ^ » A liln i ta 

presented to appropnale ^ m » n c ^ 0 ^ minimal raurine ' 

to .^ B «ssss2 

rt$ po B5 es toall 10 «J* ope^ rf MW . 

murine polytope DMA piasmi" v helncr 
^l^The^^ 

SSJSS' may ^selves be ™M« - -™^ 
APC to prime CTL in the absence of CD4 T cellUmvcfl 

Uessi^ 

Sti-CTL epi,ope vaccines, argues that the po^u- nj^ 
"ve ianuences of flanking sequences on P^^-^JS 
to be rare or not absolute. Although speaf.c flanXing 

-q^may reduce ^^jCSffSSS 
W to pnrne a response P^ ^ 

ffST^S f - 1*— ^r-^ofCTL 
U reshold may have limited effects on the efflc.ency of CTL 
Stop 2 * Furthermore, the subsequent development of 
.nduct^i. wrt ■ ^ M cecal! response- and the- pro- 

• meT ! , °^ th f e t f" CTL. «e all even less likely to 

tec live activity of the rccaueo ^ ^- v^jw^Iv. 
" rela^d to ihe initial tevel of pep«'^ ^ 
tope vaccine during P™»<>@^ d lf subdomi ' naot 

S5£ iS-e^r. Stolon of multiple copies of such ept- 
SjTta . po.ytope might overcome this potent*, problem- 



fT§urcl The CTL polytope 
vaccine concept. An artificial 
polytope gene coding for multi* 
pic contiguous CTL epitopes 
derived from ■ Aeries Q f witl- 
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Another «.«.*»*» which rr*v limit «hc W^J^ ■ 
ooWtoi* vaccines might be the inability to pnme CTTL. ; 
££££ «. individual who already h» a CTl. rcspo- < * 
o« of «hc polytopy's qniopo. However, rec.n, «pcnm«« 

Mlvioce did not prevent induction of pnrftary CTL 
other epitopes in the polytope WJ« 
uJTcTL OAS' docs not appear id present a problem (MA 
Shenill «r cL % pere. comm., 1997). 

Several groups have adopted syntteticpeptide epitope- 
based modalities™ to deliver multiple CTL epitopes- The 
pott iuM advantages of a vectored polytopc approach over the 
use of large peptide mitres are: (0 peptide fonnuUuon,. 
mature validification, poor solubility, inter-peptidc competi- 
tion and adjuvant issues are avoided-' and (ii) endogenous 
epitope presentation avoids potential low affinity, poor 
specificity, exhaustion, and/or ancr$y/toLerance problems 
abated with the excessively high density of epitopes 
presented following addition of exogenous peptide epi- 
topes - t, - 5 °' 51 The additional advantage of using a vectored 
vaccine is the ability to easily co-dellver immunomodulatory 
cytokines. 

Polytope vaccines against Epstein-Barr virus 
There is now considerable indirect* and some direci evi- 
dence 53 thai CTL provide immune control of EBV-infected B 
cells. A vaccine capable of inducing EBV-specific CTL ts 
therefore likely to protect against both inFectious mononucle- 
osis (IM) and post-transplant lymphoproliferatWe disease 
(PTLD): diseases which are characterized by uncontrolled 
expansion of EBV-infected B cells.^ The potential onco- 
genic capabilitv of EBV»* is likely to preclude a whole 
vims v*cciue-ba$ed approach for EBV vaccination. Vaccines 
based on recombinant EBV nuclear wiigen* (EBNA). the 
targets of pfoiectivc CTL immunity, carry a similar n*k as 
individual EBNA proteins also have oncogenic poten- 
tial* 3 *- 57 Furthermore, any single EBNA protein does not 
appear to provide Sufficient CTL epitopes to cover the HLA 
diversity of a target population* 1 These considerations make 
a compelling case for the cpitope-based approach for.an EBV 
CTL vaccine. A large number of epitopes have now been 
identified and simple calculations show that a polytopc vac- 
cine containing only seven epitopes restricted by. HLA A2, 
A3, All, B7. B8. B35 and P44 would protect >90<fc of a 
Caucasian papulation. One might postulate that a vaccine 
against IM or glandular fever only needs to stimulate the 
production of a small memory pool of EBV-specific CTL. 
Seronegative adolescents who are infected by EBV only have 
an approximately 50% chance of developing IM. suggesting' 
that a few EBV-specific memory CTL might tip the balance 
towards asymptomatic seroconversion. Only a small number 
of adoptively transferred EBV-speeific CTL were sufficient 
to clear an X-ray-visibie PTLD." 1 

A polytope vaccine against melanoma 

Cytotoxic T lymphocyte epitopes delivered by DNA vaccina- 
tion have given therapeutic and prophylactic protection 
against tumours in animal models, 3 "* as have CTL epitopes 



delivered by vaccinia. 12 JT Furthermore . human trials using 
peptide cpitopc-bascd therapeutic vaccines have shown 
tumour regression in melanoma patients;*-* 0 T*ese mals. 
therapy involving adoptive transfer of tumour infiltrating 
lymphocvies (TIL). 61 and the extensive characterization of 
melanoma-spccific CTL. all point to ihcjotential for 
CTL-based therapeutic melanoma vaccines. 

A multi-antigen CTL vaccine for melanoma would have 
several theoretical advantages. First, by simultaneously 
attacking multiple antigen targets, such a vaccine might limit 
immune evasion by tumours and/or metastases which have 
reduced expression of individual target antigens. Melanomas 
and their metastases vary considerably in target antigen 
expression: for example. 36% of primary melanoma and 76* 
of metastases express MAGE 3« and tyrosinase is «P™ 
by 50* of melanomas. Checking of tumours in individual 
patients for expression of individual target antigens might 
also be avoided with a vaccine that contained multiple ami- 
Eens 60 Second, such a vaccine might prime for protective 
CTL responses directed towards antigens not previously rec- 
ognized by a particular patient. This would diversify the 
patient's repertoire of CTL specificities capable of destroying 
melanoma cells. Third, as more melanoma antigens are iden- 
tified, a cocktail of antigens containing epitopes restricted by 
multiple HLA alleles might be used to limit immune evasion 
by melanoma cells, which mutate individual epitopes and/or 
down-regulate individual HLA alleles.* Compter down- 
regulation of all HLA alleles should render the melanoma cell 
susceptible to NK/LAK lysis. The melanoma antigens reco- 
nized bv CTL might be divided into melanoma differentiation 
antigens (tvrosinasc. MART- 1 . gplOO). self antigens aber- 
rantly expressed CMACE family) and altered self antigens W- 
acewl-glucosaminyltransferase V) « The relative therapeutic 
benefit of generating responses directed at each of these 
croups of epitopes remains to be established. The former two 
represent normal. non-mutated self sequences, and a vaccine 
increasing responses against these, antigens has the potential 
<o induce autoimmunity. The development of vmligo (killuig 
of normal- melanocytes resulting in white areas of the skin) 
correlates with good prognosis in both melanoma and with 
adoptive transfer of TIL. Such autoimmunity might be con- 
sidered acceptable, even -favourable; however, potentially 
harmful effects, on retinal melanocytes, although not yet 
observed in "humans, needs to be '.Carefully mon.tored* 
MAGETwhichls expressed on several tumour types) bralso 
expressed in testis and pUcenta; whether autoimmune 
responses against these tissues occur, or will be considered 
serious, needs to be established. 

The polytope strategy may simply offer a considerable 
reduction in the size and complexity of the vaccine product 
compared with a melanoma vaccine, which was designed to 
co-delWer multiple melanoma antigens using muliivalent- 
singte" or multiple-single antigen constructs. The potential 
additional requirement to co-deliver cytokines would further 
increase the size or number of constructs in v*ccmes based on 
the latter strategies. The polytope approach would also -have 
the potential advantage of avoiding immumzauon with elf 
se^uVnees which might induce autoimmune CD4 T cell or 

^"SET-I n.w CTL responses is unlikely to £ the 
only activity l therapeutic melanoma vaceme wtll need to 
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induce in order to successfully repress established tumours. 
Many melanoma patients already have CTL responses, unlike 
mice bearing the model B16 melanoma. 69 Unfortunately, 
melanoma-infiltrating CTL in humans appear 10 be inactivat- 
ed* ancrgized or may even be killed by the melanoma and/or 
its cytokine micro-environment.' 002 Cytokine co-delivery 
may ameliorate some of these problems and a case has been 
made for co-delivering granulocyte/macrophage colony- 
sumulating factor (GM-CSF) * 73 and/or IL-12" Con- 

ceivably a melanoma CTL vaccine needs to offer melanoma- 
specific CTL an opportunity to sec peptide outside an 
immunosuppressive environment resulting in CTL prolifera- 
tion and/or the CTL becoming de-ancrgized and again capa- 
ble of killing melanoma cells. 

Polytope vaccines against HIV/AIDS 

There is now a considerable body of compelling indirect 
evidence that CTL have a role in preventing or limiting (or 
even clearing): (i) initial HIV infection; and (ii) progression 
io AIDS. 7 *- 77 Interpretation of some of this evidence has been 
clouded by the discovery of the chemokinc corcceptors, 
CXCiWfusin and CCR3/5, for T cell and macrophage tropic 
HTV-1 viruses, respectively, 78 and a mutation of CCR5, 
which provides homozygotes with protection against infec- 
tion. 79 Despite these developments, many observations still 
provide convincing evidence for the protective role of CTL in 
HIV/AIDS. 76 - 77 ^ 3 

Whole HIV vaccines, although being considered** are 
likely to face considerable safety and ethical hurdles_ w HIV 
DNA vaccines based on single and multiple recombinant 
antigens arc already being considered,* 6 however, each anti- 
gen usually has several sequence variants with distinct CTL 
epitopes. 87 A recombinant protcin-bascd vaccine covering 
most of the common epitope variants within one geographical 
region and containing enough epitopes to cover the HLA 
diversity of the population, would need to contain a consider- 
able number of recombinant antigens. The number of epitope 
variants do not, however, appear to be limitless and are often 
restricted to conservative substitutions in 1 to 3 positions, 
suggesting that constraints are imposed on variation. Whether 
the polytope approach can be used to generate specific CTJ- 
responses to closely related epitopes in the face of potential 
competition and antagonism" remains to be tested. 

The phenotype of vaccine-induced CTL responses is likely 
to be critical for an HIV vaccine. A drift from ThI to Thl (or 
Tel to Tc2) is associated with progression of HIV to AIDS* 9 
and recent studies have shown that CTL from long-term non- 
progressor*. (LTNP) maintain their capacity to produce IL-2. 
IFN-v and IL-10 whereas CTL from progressors are unable to 
secrete IL-2 and IL-10 and synthesize IL-4. 90 - 91 The desired 
phenotype of vaccine- induced HIV CTL, should thus be 
largely Tc 1 , which might be achieved by co-administration of 
IL-12 or IFN-^ with the vaccine. 75 - 9 * The chemokines 
RANTES, MIPIci and MIPIp, and SDF-I are able in vitro to 
block the CCR3/5 and CXCR4 coreceptors, respectively , and 
thereby inhibit HIV infection. Induction of CTL secreting 
these chemokines may thus be an important goal for prophy- 
lactic and therapeutic HIV vaccines. 93 The activities of these 
chemokines in vivo, however, have yet to be fully resolved. 
They may have beneficial roles unrelated to physical blocking 



of HIV binding, associated with their ability to recruit and 
enhance CTL activity Another important factor sccreicd by 
CD 8 CTL may be the so-called CD8 T cell antiviral factor 
(CAF). an elusive factor which inhibits HIV replication^ 
The identity of this factor has yet to be established but ii 
appears not to be a standard chemokine. 

A prophylactic HIV CTL-based vaccine would clearly 
need to generate CTL responses to all the epitope variants 
found within a particular target population and cover a sub- 
stantial percentage of the HLA allele* within that population. 
The oral vaccination route would also be preferable as the 
virus enters via the mucosa** and long-term mucosal CTL 
memory can be maintained following oral vaccination." 
Progress in oral DNA vaccine delivery might soon be expect- 
ed. The enthusiasm for a therapeutic HIV vaccine may have 
diminished following the recent successes in drug treatment, 
however, such drugs might eliminate HIV only if adminis- 
tered for a lifetime. This would be expensive: and is likely to 
select for resistance. A vaccine which restored, broadened 
and strengthened cellular immunity, perhaps associated with 
drug therapy, may have the best chance of providing long- 
term benefit. 98 

The recent demonstration of CTL escape mutants 81 * 3 also 
strongly suggests that inclusion of multiple variants in a ther- 
apeutic vaccine might pre-empt potential escape mutants, and 
may thereby convert individuals who progress to AIDS imo 
LTNP. 



Vaccination modalities capable of inducing CTL in 
humans 

A large number of vaccination modalities have been devel- 
oped which are capable of delivering recombinant proteins 
for the induction of CTL; these include viral and bacterial 
vectors, liposomes, microspheres, virus-like particles, 
ISCOM. synthetic peptides and DNA. At present, principally 
because of safety and quality control issues, only a limited 
number of modalities have entered phase I human clinical 
trials with the aim Of inducing protective CTL specific for 
vaccine antigens or epitopes. These modalities* which include - 
poxvirus vectors," synthetic peptide formulations,'" Ty 
particles 101 and DNA vaccination, 102 will be competing to be 
the modality of- choice for CTL induction in -humans. 
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application of International application No. PCT/AU95/00461 filed on July 27, 1995. 
The International application claims priority from Australian Patent Application No. 
PN1009 filed February 8, 1995 and from Australian Patent Application No. PM7079 filed 
July 27, 1994. 

I consider myself to have been in possession of at least ordinary skill and knowledge in 
the arts relevant to this invention when the invention was made (i.e. before July 27, 1994) 
and at all times until The Present Application was filed on May 22, 2000. 

I have read and understood the specification and pending claims of the above-captioned 
application ("The Present Application") and an Office Action by the United States Patent 
and Trademark Office mailed on May 21, 2002 in connection with The Present 
Application. I have also read the revised claims of The Present Application which I 
understand the applicants have submitted in response to the May 21, 2002 Office Action. 
A copy of the revised claims is affixed hereto as Exhibit JCC2. 

I make this declaration in response to the Examiner's rejection of pending Claims 14-34 
of The Present Application at paragraphs 8 and 9 of the Office action mailed on May 21, 
2002. I understand that the Examiner has rejected The Present Application on the ground 
that the specification as originally filed failed to provide a sufficient written description 
of the invention as claimed to reasonably convey to one skilled in the art that the 
inventors were in possession of the claimed invention when the application was filed. I 
understand from the Examiner's comments at paragraph 8 of the Office Action that the 
specification must "clearly allow persons of ordinary skill in the art to recognize that [the 
inventors] invented what is claimed" [emphasis added]. 

I will begin by first summarizing my understanding of the invention in the context of 
what was already known before the first US application by the inventors was filed, then 
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analyzing the allegations made by the Examiner in the May 21, 2002 Office Action in 
light of what the inventors claim as their invention in The Present Application. In this 
respect, it is my understanding that if there are any omissions from the specification that 
would be required to convince a skilled person that the inventors had actually invented 
what is claimed, those omissions may be provided by the prior art as it stood before the 
filing date of The Present Application. I also understand that The Present Application 
must provide sufficient representative examples for a skilled person to conclude that the 
inventors invented the full scope of subject matter claimed in The Present Application. 

The Invention in Context of The Prior Art 

8. For more than 10 years prior to the filing date of The Present Application, there had been 
a growing understanding of the importance of cytotoxic T-cell lymphocyte (CTL) 
responses in preventing infection, enhancing resistance to clinical disease, and assisting 
recovery following infection or reinfection. As a result of the significance of CTL 
responses in mediating immunity, considerable effort was made to identify the peptide 
epitopes involved in mediating CTL responses to a range of different microbial pathogens 
and cancers. As stated at paragraph 3 of The Present Application, these peptide epitopes 
("CTL epitopes") are mainly generated by proteolysis in the cytosol, and transported to 
the endoplasmic reticulum for association with the major histocompatibility complex 
(MHC). 

9. Before the filing date of The Present Application, and even before 1994, it was known 
that the structure of a CTL epitope is a peptide of about 9 amino acids in length, however 
a CTL epitope may occasionally consist of 7-10 amino acids in length. It was also 
known at that time that the CTL epitope peptide is incorporated within the groove in the 
major histocompatability complex type 1 (MHC-1) surface antigen on antigen presenting 
cells (APC) and then "presented" to CD8 + T cells, otherwise known as cytotoxic T 
lymphocytes (CTL). CTLs were also known then to be distinct from CD4 + helper T- 
cells. The groove in the MHC-1 surface antigen is closed at both ends, thereby restricting 
the upper limit on the length of a CTL epitope that can interact with this groove. A CTL 
epitope which will fit within this groove without further modification is called a 
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"minimal CTL epitope". The size of a CTL epitope was established by two different 
methodologies: 

(i) elution of peptides from the class I MHC of APCs; and 

(ii) X-ray crystallography which demonstrated that 7-10 amino acids can fit into the 
MHC-1 groove. 

These concepts are described in detail by Rammensee et al, Ann. Rev Immunol. 11, 213- 
244, 1993 (Exhibit JCC3). 

The principles of CTL recognition were initially established in murine systems. 
Subsequent experience demonstrated that the principles established in murine systems 
also applied to human cells (e.g., Townsend et al, Cell 44, 959-968, 1986; Exhibit 
JCC4). Townsend et al. provided the first definition of the concept that CTL recognised 
short peptide fragments and that both murine and human CTLs recognize degraded 
peptide fragments of proteins in association with MHC Class I molecules. In my opinion, 
the demonstration by Townsend et al. that CTL epitopes of Influenza Virus nucleoprotein 
in association with MHC Class I molecules were recognized by similar mechanisms in 
mouse and man clearly establishes the relevance of murine models in assessing 
immunological responses. The difference lies only in the detailed selection of the CTL 
epitopes and not in the mechanism by which the immune response recognizes a particular 
epitope. This is because few CTL epitopes will be recognized by both murine and human 
CTLs. However, as is apparent from the following paragraphs, I do not consider that the 
selection of specific CTL epitopes is a major obstacle, even in 1994. The concept of the 
general mechanistic similarity between murine and human CTL presentation is also 
referred to by Rammensee et al 1993 (Exhibit JCC3). 

Before the filing date of The Present Application, various groups of workers had 
identified CTL epitopes in a number of different disease conditions including hepatitis B, 
human papilloma virus, human immunodeficiency virus, Epstein-Barr virus and human 
melanoma. As a person skilled in the art of immunology and vaccine technology, I am 
aware of several examples of such CTL epitopes {e.g., Khanna et al, J. Exp. Med 176, 
169-176, 1992 (Exhibit JCC5) and Moss et al, Adv. Cancer Res. 69, 213-245, 1996 
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(Exhibit JCC6) described CTL epitopes from EBV; and Toes et al, Proc. Natl Acad. Sci 
(USA) 94, 14660-14665, 1997 (Exhibit JCC7) describe CTL epitopes against tumor 
antigens). Rammensee et al., Ann. Rev Immunol. 11, 213-244, 1993 (Exhibit JCC3) also 
describe a total of 58 CTL epitopes, representing only a fraction of CTL epitopes known 
at that time. I also note that in the Office Action mailed on May 21, 2002, the Examiner 
also acknowledges several prior art CTL epitopes from a wide range of pathogens and 
tumor antigens, such as, for example, the following CTL epitopes: 

(i) a CTL epitope from CMV and a recombinant vaccine comprising same as 
described by Del Val et al, J. Virol. 65, 3641-3646, 1991; 

(ii) a CTL epitope from Influenza Virus as described by Latron et al, Proc. Natl 
Acad. Sci (USA) 88, 11325-11329, 1991; 

(iii) CTL epitopes from EBV as described by Burrows et al, J. Gen. Virol. 75, 2489- 
2493, 1994; and 

(iv) CTL epitopes from the melanoma tumor antigens MAGE-1 and MAGE-2 and its 
potential use in vaccines, as described by Celis et al, Proc. Natl Acad. Sci (USA) 
91, 2105-2109, 1994 and references cited therein at paragraph 1 of Celis et al. 

12. The specification of The Present Application also discusses in a general sense CTL 
epitopes from one or more pathogens or tumor antigens, and exemplifies CTL epitopes 
from human EBV (Table 1) and from a range of murine pathogens as listed in Table 2, 
specifically Influenza Virus, Adenovirus, Sendai Virus, Plasmodium berghei, CMV and 
LCMV. 

13. Before the filing date of The Present Application, I was also aware of several well- 
established methods for determining CTL epitopes from any source. For example, 
predictive algorithms may provide some indication of the presence of a CTL epitope in 
an antigen, however such methods are in no way definitive. CTL epitopes are also known 
to be defined in a chromium release assay wherein the minimal amino acid sequence 
capable of making a target cell susceptible to CTL (usually CD8+) lysis is determined. 
Target cells can be transfected with the gene coding for the protein which comprises the 
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epitope of interest or alternatively the target calls can be exposed to the high 
concentrations of the minimal epitope. Generally, target cells are labelled with 
radioactive chromium and mixed with activated T cells, and the extent of lysis is 
measured by the release of soluble chromium. This methodology precedes 1994 and is 
accepted by all immunologists. By 1997, numerous minimal CTL epitopes had been 
defined by chromium release assay (e.g., Rickinson and Moss, Ann. Rev. Immunol. 15, 
405-431, 1997; Exhibit JCC8). Additionally, the ELISPOT assay enumerates the 
strengths a memory T cell response to a given CTL epitope, via a measurement of 
interferon (IFN)-gamma. As well as measuring the precursor frequency to defined CTL 
epitopes, the ELISPOT assay is used to scan peptide sequences to define new CTL 
epitopes. As far as I am aware, Miyahira et al, J Immunol Methods 181, 45-54, 1995 
(Exhibit JCC9) provide the first disclosure of the use of ELISPOT in elucidating a 
minimal CTL epitope. Additionally, Class I Tetramer assays elucidate CTL structure by 
visualizing CTL epitope binding (e.g., by FACS) to a T-cell receptor on CTLs (Altaian et 
al Science 274, 94-96, 1996; Exhibit JCC10). The advantage of Tetramer assays is that 
they allow both the enumeration, characterisation and isolation of CTLs that are reactive 
with a specific CTL epitope peptide. 

CTL epitopes were also known before the present invention and filing date of The 
Present Application to be MHC-restricted. What this means is that a given CTL epitope 
will only be recognized by individuals with the same HLA allele in their genetic 
background. By 1995, various groups had identified extensive lists of CTL epitopes of 
known HLA restriction. 

In view of the known MHC restriction of CTL epitopes, any single formulation capable 
of inducing a CTL response in a genetically diverse group of individuals will need to 
contain one or preferably several epitopes for each of the normally encountered HLA 
groups within the population. Typically around 10 to 20 or more individual CTL epitope 
peptides may be required within such a formulation. In my considered opinion, it was a 
reasonably straight forward exercise before the present invention and well before the 
filing date of The Present Application to select a subset of known CTL epitopes having 
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known MHC restriction which would be recognized collectively, by a broad cross-section 
of a population. 

Notwithstanding that the selection of suitable CTL epitopes was routine, a problem 
facing workers even in 1994 was how to incorporate a large number of CTL epitopes mto 
a single formulation that would achieve a significant population coverage. This is 
because CTL epitopes vary considerably in their degree of hydrophobic^ and in turn 
their aqueous solubility. Most workers attempted to present single epitopes within a 
water-in-oil emulsion, typified by Freunds incomplete adjuvant (IFA). Around this time, 
I was involved in such studies and concluded that these emulsions were the preferred 
formulation (see Scalzo et al, J. Virol. 69, 1306-1309, 1995). However, later studies 
showed how difficult it was to extend these findings to formulations comprising a large 
number of CTL epitope peptides. 

From my reading of the specification as originally filed, The Present Application 
addresses the problem of providing a single formulation comprising a large number of 
CTL epitopes, by providing a plurality of minimal CTL epitopes in the form of a smgle 
fusion protein (i.e a "polyepitope" polypeptide). This approach was new because, as 
stated at paragraph 3, lines 7-8, of The Present Application, the "influence of sequences 
flanking CTL epitopes on the proteolytic processing of these epitopes remains 
controversial". I agree with this conclusion at paragraph 3 of The Present Application 
because it clearly was not known before the invention how to produce a smgle 
polypeptide comprising multiple minimal CTL epitopes. I understand that polyepitope 
polypeptides described in The Present Application comprise a plurality of CTL epitopes 
wherein each CTL epitope is correctly processed, and presented to APCs such that each 
minimal CTL epitope induces a CTL response, even though the CTL epitopes are not 
flanked by naturally occurring flanking sequences or an initiation codon (i.e. methionine) 
in polypeptide formulations. 
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the Invention Claimed in The Present Application 

18. I have confined my remarks herein to the amended claims of The Present Application 
(Exhibit JCC2). 

The Polynucleotide Claims 

19. The Examiner states at paragraph 8 of the May 21, 2002 Office Action that the 
specification fails to provide an adequate written description of polynucleotides encoding 
a plurality of CTL epitopes, specifically: 

(a) the structure associated with the function of any polynucleotide encoding a 
plurality of CTL epitopes; and 

(b) a representative number of polynucleotides encoding a plurality of CTL epitopes 
other than those murine CTL epitopes and B cell epitopes listed in Table 2, as 
expressed in the vaccinia viral vector depicted in Figure 5. 

20. At paragraph 9 of the Office Action, the Examiner also rejects Claims 14-34 on the basis 
that the specification as originally filed requires the CTL epitopes of the polyepitope 
polypeptide to be "substantially free of sequences encoding peptide sequence naturally 
found to flank the CTL epitopes". I understand from the amended claims (Exhibit JCC2) 
that this feature has now been introduced to the claims. 

21. Claim 14 is directed to a polynucleotide that encodes a single fusion polypeptide 
comprising a plurality of CTL epitopes. In my experience, the normal and customary 
meaning of the word "plurality" in the context of the present invention would be that 
more than one epitope is present, and does not act to exclude any particular number of 
epitopes. 

22. Methods described in the specification for producing such a polynucleotide include 
splicing together of synthetic oligonucleotides by overlap extension (SOEing) and PCR 
(paragraphs 36 and 45). In my opinion, it was a simple matter for any skilled molecular 
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biologist even in 1994 to produce a nucleic acid sequence encoding a specific amino acid 
sequence when provided with the amino acid sequence and the genetic code, and perhaps 
codon preference data. The inventors were clearly aware of such technology, as they 
state at paragraph 45, lines 6-7, of the subject specification "two groups of epitopes were 
converted to a DNA sequence using the universal codon usage data". 

The requirement in amended Claim 14 for each CTL epitope to be "substantially free of 
sequences encoding peptide sequences naturally found to flank that CTL epitope" is 
explained at paragraph 5 of the subject specification. I understand that each CTL epitope 
of the polyepitope polypeptide comprises a minimal CTL epitope and possibly, in 
addition, a small length (i.e. 1-5 amino acids) found naturally to flank the minimal CTL 
epitopes. This means that each CTL epitope will have a length not exceeding 15 
contiguous amino acids of the antigen from which it is derived. Clearly, The Present 
Application exemplifies such epitopes in Tables 1 and 2. As a skilled immunologist, the 
lack of naturally occurring flanking sequences or start codons/methionine in the 
sequences flanking the CTL epitopes in the polyepitope constructs of the invention does 
not depend upon the particular CTL epitopes employed. 

Claim 14 also requires the absence of any intervening methionine in the encoded 
polyepitope polypeptide. As would be known to a skilled molecular biologist, a 
methionine in a polypeptide is encoded by a "translation initiation codon" (i.e. the codon 
ATG) in the corresponding nucleic acid. For expressing a fusion polypeptide, it is well 
known that there should not be an intervening translation initiation codon in the 
corresponding nucleic acid sequence, otherwise that codon might be used to initiate 
translation at an inappropriate internal site. Conversely, by omitting the internal 
translation initiation codon from the polyepitope polypeptide of The Present Application, 
the inventors have ensured that the plurality of CTL epitopes are expressed as a single 
polypeptide. In the context of the polynucleotide structure, this means that nucleic acid 
sequences encoding the minimal CTL epitopes, and any intervening sequences if present, 
would need to be presented as a single open reading frame, positioned between a single 
upstream promoter sequence and a single downstream transcription terminator sequence. 
Additionally, a single translation initiation codon would be necessary at the 



;.i 



9 



commencement of the open reading frame for the CTL epitopes. These features are 
described, for example, at paragraph 45 of The Present Application. This "polyepitope" 
arrangement is distinct from the "minigene" arrangement as described by Whitton et al, 
J. Virol. 67, 348-352, 1993 wherein individual CTL epitopes are each preceded by their 
own translation initiation codon. 

Based upon the disclosure in the specification and what was known before the filing date 
of The Present Application, I disagree with the Examiner's conclusion that there are 
insufficient examples of the claimed polynucleotides to demonstrate that the inventors 
were in possession of their invention at that time. The features recited in newly amended 
Claim 14 are generally supported by the description in The Present Application, at 
paragraphs 3 to 6. As the prior art disclosed a wealth of CTL epitopes as acknowledged 
by the Examiner in the May 21, 2002 Office Action, and the specification of The Present 
Application also disclosed CTL epitopes from the antigens of human and murine 
pathogens, the specification contains an adequate written description of CTL epitopes. A 
person skilled in the art would certainly have no difficulty in performing the invention 
claimed for want of CTL epitopes. 

As one skilled in the art, I can also state that the artisan would find the matter of making 
the constructs of the present invention, armed with the guidance provided in the 
specification, a routine matter. The materials and general molecular procedures for 
constructing the polyepitope constructs were readily available to the artisan at the time 
the application was filed. Moreover, given the plethora of CTL epitope sequences known 
and available at that time, the general knowledge of a skilled molecular biologist, and the 
fact that The Present Application exemplifies two divergent polynucleotides encoding 
such fusion polypeptides (Examples 1 and 2), I have no difficulty in accepting that the 
inventors had actually reduced to practice a general method as claimed for producing a 
polynucleotide encoding a single fusion polypeptide comprising multiple CTL epitopes 
substantially free of sequences encoding peptide sequences naturally found to flank the 
CTL epitopes. 
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Claims 14 and 15 further define a situation wherein two or more of the multiple CTL 
epitopes are joined end-on-end without intervening sequences there between (i.e. they 
may be contiguous). In my opinion, there is clear support for the feature of contiguous 
epitopes inter alia in Examples 1 and 2 of The Present Application {see paragraphs 36 
through 44). 

Example 1 of the specification as originally filed taught a construct encoding a 
polyepitope consisting of nine HLA-restricted (i.e. human) EBV CTL epitopes as listed 
in Table 1 of the specification. The nine CTL epitopes were flanked by two B cell 
epitopes. The polynucleotide encoding a single polypeptide consisting of the nine CTL 
epitopes and two B cell epitopes incorporated a single Kozac consensus sequence and a 
single translation start site upstream of the open reading frame encoding the epitopes (i.e. 
there was no internal translation initiation codon between the sequences encoding the 
CTL epitopes). The CTL epitopes were each only 9-10 amino acids in length and, as a 
consequence, the polynucleotide encoding the CTL epitopes meets the requirement of 
being substantially free of nucleic acid sequences encoding naturally occurring flanking 
sequences {see final two lines of paragraph 36 and the description of Table 1). The 
construct was cloned into vaccinia virus and used to infect target cells, which expressed 
the HLA alleles restricting each epitope. Autologous CTL clones specific for each 
epitope were then used as effector cells. The positive results presented in Figures 2 and 3 
of the specification indicated that each epitope in the expressed human polyepitope was 
processed within the target cells and recognized specifically by human CTL clones. The 
construct was also cloned into P GEX-3X and used to transfect E. coli cells. A fusion 
protein of the expected molecular weight was identified in a Western blot using 
antibodies against the B cell epitopes, further supporting correct expression of the 
complete fusion protein (i.e. polyepitope). 

Example 2 of the specification as originally filed taught a construct encoding 
polyepitopes consisting of 10H-2 restricted (i.e. mouse) CTL epitopes, including epitopes 
derived from Influenza Virus, Adenovirus, Sendai Virus, Ovalbumin, Plasmodium 
berghei, murine CMV, and LCMV. As shown in Figure 5, the exemplified fusion 
polypeptide consisted of ten CTL epitopes, arranged in two groups of five contiguous 
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epitopes separated by intervening non-epitope spacer sequence TS. The two groups of 
five contiguous CTL epitopes had the following amino acid sequences: 

(i) ASNENMDAM-SIINFEKL-TYQRTRALV-SDYEGRLI-YPHFMPTNL; and 

(ii) SGPSNTPPEI-FAPGNYPAL-SYIPSAEKI-EEGAIVGEI-RPQASGVYM. 

At the C-terminal end of the CTL epitopes, a second spacer having the sequence PR was 
positioned to separate the CTL epitopes from a B cell epitope (NNLVSGPEHL). The 
polynucleotide encoding a single polypeptide consisting of the ten CTL epitopes and one 
B cell epitope incorporated a single Kozac consensus sequence and a single translation 
start site upstream of the open reading frame encoding the epitopes (i.e. there was no 
internal translation initiation codon between the sequences encoding the CTL epitopes). 
The CTL epitopes were each only 8-10 amino acids in length and, as a consequence, the 
polynucleotide encoding the CTL epitopes meets the requirement of being substantially 
free of nucleic acid sequences encoding naturally occurring flanking sequences. The 
constructs were cloned into vaccinia virus and used to infect mice. Three different strains 
of mice were infected with constructs, and these strains mounted CTL responses to each 
of the appropriately-restricted epitopes in the expressed polyepitopes. From the 
information provided in The Present Application when it was originally filed, specifically 
the different combinations of CTL epitopes from murine and human antigens exemplified 
in the application, I conclude that the inventors were in possession of this feature as 
claimed generically in Claim 14. 

Example 2 also taught that the CTL epitopes from various pathogens in the polyepitope 
generated primary CTL responses to each epitope. Example 2 of the specification as 
originally filed taught that the CTL responses induced by the polyepitope was, in fact, 
protective. This analysis was performed using a tumor model (i.e. ovalbumin-transfected 
EL4 cells in C57BL/6 mice) and in Balb/c mice infected with MCMV (paragraph 56). 
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The specification also teaches that multiple epitopes can be effectively processed and 
presented within a single host even where the epitopes are restricted by a single HLA 
allele. Such processing has not been shown previously and is a highly desirable feature 
for both prophylactic vaccines, and is probably essential for therapeutic vaccines. 

In my considered opinion any skilled immunologist would readily appreciate from the 
teachings of the specification that the claimed polyepitope constructs could comprise two 
or more epitopes so conjoined as to exclude naturally occurring flanking sequences or 
start codons/methionine. Therefore, constructs comprising three, four, five, six, seven, 
eight, nine, and at least ten CTL epitopes are indicated by the specification. Therefore, 
the demonstration that at least ten such epitopes are successfully processed, etc., in light 
of the Inventors' statement that a plurality of epitopes may be so conjoined, would 
reasonably lead one of skill in the art to conclude that the Inventors contemplated at least 
three, and potentially any number of epitopes be conjoined according to the invention. 

Claim 14 also defines a situation wherein at least two CTL epitopes in the polyepitope 
are separated by a non-natural spacer (i.e. an "inter-epitope spacer"), provided that the 
spacer does not include a translation start methionine. In my opinion, this embodiment is 
clearly supported by the exemplification provided in Figure 5, which shows a spacer 
sequence TS between the epitopes YPHFMPTNL and SGPSNTPPEI. By definition, at 
least a fragment of each internal CTL epitope in the polyepitope acts a spacer between 
flanking CTL epitopes. For example and with reference to Figure 5, at least a part of the 
epitope SIINFEKL can be considered to act as an inter-epitope spacer between the 
epitopes ASNENMDAM and TYQRRTRALV. Proceeding on this basis, it is apparent 
that the inventors have, in fact, exemplified a range of different inter-epitope spacers. 
From the information provided in The Present Application when it was originally filed 
that there is sufficient exemplification of this feature to conclude that the inventors were 
in possession of this feature as claimed generically in Claim 14. 
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34. Thus, the inventors have demonstrated that a polynucleotide construct can be used to 
express a polyepitope protein, that is processed to the individual component epitopes 
which are then each expressed on the cell surface and induce CTL-responses thereby 
killing infected cells. Accordingly, The Present Application indicates to me that the 
inventors arrived at a general method whereby CTL epitopes (i.e. peptides of 9± 1 amino 
acids) are joined end to end contiguously, or alternatively, with spacing amino acids not 
normally associated with the epitopes in their native context. The resulting polyepitope 
polypeptide, when formulated appropriately, is processed within the cytoplasm of an 
antigen presenting cell (APC) so that the identity of the individual CTL epitopes is 
preserved. The induction of an in vivo CTL response to these epitopes is proof of the 
preservation of their identity. 

35. The Present application further indicates to me that multiple CTL epitopes of the 
polyepitope polypeptides that are restricted by the same HLA type (or in the case of the 
mouse, the H2 type) can be processed and presented effectively at the same time. 

36. As a person having considerable skill in the immunological arts, The Present Application 
makes it possible to formulate a vaccine (either polynucleotide or polypeptide) which will 
contain sufficient antigenic content to induce CTL responses to one or more proteins 
within a pathogen or a tumour over a broad cross-section of the human population. Prior 
to The Present Application, even though the potential importance of CTL responses had 
been recognized and many CTL epitopes had been identified, the only proposed way to 
formulate these epitopes was as individual epitopes in a water-in-oil (eg Freunds) 
emulsion. Such a formulation did not require intracellular processing. The Present 
Application has shown for the first time that a single strand of DNA or a single 
polypeptide can contain all the information required to induce a broad anti-tumour or 
anti-pathogen CTL response in essentially all members of a human population. 
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37 At paragraph 9 of the May 21, 2002 Office Action, the Examiner also rejects Claims 16, 
18 and 19 on the basis that the specification as originally filed fails to provide a clear 
support for "at least two", "nine" or "ten" CTL epitopes. 

38 Claims 16 through 19 as amended specify the number of individual CTL epitopes 
encoded by the polynucleotide. Specifically, the claims define "at least three", "four", 
"nine" and "ten" CTL epitopes. As will be apparent from the preceding discussion, 
Examples 1 and 2 of The Present Application as originally filed teach polynucleotides 
encoding a polyepitope polypeptide consisting of nine and ten CTL epitopes, 
respectively. Support for "at least three CTL epitopes" is to be found inter aha at 
paragraph 10 of the specification. Support for "four CTL epitopes" is to be found tnter 
alia at paragraph 74. The established success of single CTL epitopes in generating CTL 
responses, and the success of polyepitopes comprising at least three, four, nine or ten 
CTL epitopes as evidenced in The Present Application clearly indicates to me that any 
number of CTL epitopes could reasonably be provided in a single polyepitope 
polypeptide. 

39 In my opinion, there is sufficient teaching provided in The Present Specification to 
indicate that the inventors were aware when the application was filed of how to conjoin 
any number of CTL epitopes substantially free of natural flanking sequences, from any 
number of different antigens from a number of different pathogens, particularly given the 
plethora of known CTL epitopes even as early as 1994-1995. The described constructs 
are generic rather than being limited to the exemplified polyepitope polypeptides 
because, if a set of minimal CTL epitopes are known, then the process for selecting a 
subset of epitopes is mechanical based upon their HLA restriction, and their formulation 
into a single polyepitope can be achieved following the teaching in The Present 
Application. For example, following the teaching provided in The Present Specification, 
a skilled person seeking to produce an HIV vaccine would select from the literature a 
range of minimal CTL epitopes from appropriate HIV proteins (e.g. gag, env, nef, etc) 
where multiple epitopes from each protein may be chosen to cover a range of HLA 
restrictions (e.g. A2, B8, A24, B35, etc.). The total number of CTL epitopes required to 
formulate an effective vaccine with a wide population coverage may easily exceed 30 or 
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even 40 epitopes. Accordingly, I am satisfied that the inventors have provided a 
sufficient exemplification of the effect of varying CTL epitope number in the claimed 
polyepitope to reasonably convey that they were in possession of the full scope of 

polyepitopes claimed. 

40 The Examiner also alleges that the specification fails to provide an adequate written 
description of polynucleotides encoding a plurality of CTL epitopes derived from a 
plurality of pathogens. 

41 Claims 25 through 28 specify the source of the CTL epitopes as being from a single 
pathogen (claim 25), multiple pathogens (claim 26), the specific pathogens Epstein Barr 
Virus (EBV), Influenza Virus (IV), Cytomegalovirus (CMV), Adenovirus (Ad), and 
human Immunodeficiency Virus (HIV) (Claim 27), or a tumor protein (Claim 28). In this 
respect, I note that Example 1 teaches constructs encoding polyepitopes comprising 
epitopes of EBV, and that Example 2 teaches constructs encoding polyepitopes 
comprising epitopes of IV, Ad, Sendai Virus, LCMV, Plasmodium berghei, and CMV 
and a surrogate tumor epitope (i.e. the SIINFEKL epitope in the ovalbumin protein). 
Although no specific HIV CTL epitopes are described, reference is made to HIV epitopes 
at paragraph 51 of the specification. Given the plethora of known CTL epitopes from 
HIV at the filing date of The Present Application, and from the teaching provided that 
individual CTL epitopes are correctly processed and presented from the claimed 
polyepitope formulation, I conclude that it would be a routine matter to substitute the 
exemplified CTL epitopes provided by the inventors with other CTL epitopes, 
specifically known HIV-1 CTL epitopes. Accordingly, the specification as originally 
filed reasonably conveys that the inventors were in possession of polynucleotides 
encoding polyepitope polypeptides comprising CTL epitopes from a wide range of 
pathogens. 

42 Claims 29 through 32 are directed to the polynucleotide of claim 14 comprising as an 
additional feature a nucleic acid sequence encoding a CD4 + T helper epitope, a B cell 
epitope, or a toxin. The description at paragraph 12 of The Present Application clearly 
recites the presence of such additional features. Examples 1 and 2 of the specification 
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clearly teach polyepitopes comprising B cell epitopes, as discussed supra. In view of the 
accepted use of such features in vaccine technology, and the exemplified use of CTL 
epitopes in conjunction with B cell epitopes, I do not have any doubt that the inventors 
were in possession of these features when the application was filed. 

43 The Examiner also asserts that the only use of the constructs of the present invention is as 
a vaccine in the prevention of particular diseases. Accordingly, the Examiner appears to 
be treating those claims directed to polynucleotides as somehow being "disguised" 
vaccine claims. I strongly disagree with this conclusion by the Examiner. 

44. In view of the various uses and methods provided in the specification, and the utility of 
the polyepitope-encoding constructs in the study of cellular and immune responses, I find 
this assertion by the Examiner to be incorrect. For example, the constructs can be used 
for the ex vivo stimulation of CTL clones (i.e. adoptive transfer), as described . As would 
be appreciated by those of skill in the art, the polyepitope constructs of the present 
invention have a broad utility as components of highly protective vaccines. However, 
such polyepitope-encoding constructs would also be known to have many uses beyond 
generating completely protective immune responses for particular diseases. Indeed, even 
as formulated as a vaccine, the constructs of the present invention would be useful in the 
study and modulation of immune responses of various degrees of protection. Moreover, 
as I discuss above, and as would be readily apparent to those of skill in the art, the 
constructs have additional uses in the study and manipulation of basic cellular and 
immunological phenomena. 

The Vector Claims 

45. At paragraph 9 of the May 21, 2002 Office Action, the Examiner has rejected Claim 21 
on the basis that there is no adequate written description in the specification of viral 
vectors other than vaccinia or avipox virus vectors. 
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Claims 20 through 24 define vectors comprising the polynucleotide of claim 14. Claim 20 
is generic. Claims 21 and 24 define the species of a viral vector and a virus-like particle 
(VLP). Claims 22 and 23 define two species of viral vectors, namely vaccinia vectors 
and avipox vectors. 

Paragraph 13 of the specification discusses the range of vectors contemplated, however 
only as examples of the full scope of vectors known at the filing date: 

"vaccinia vectors, avipox virus vectors, bacterial vectors, virus-like particles 
(VLPs) and rhabdovirus vectors, or by nucleic acid vaccination technology" 

The specification further cites in the final lines of paragraph 13 the disclosures by 
Chatfield et al, Vaccine 7, 495-498, 1989 (Exhibit JCC11) and Taylor et al, Vaccine 13, 
539-549, 1995 (Exhibit JCC12) and Hodgson "Bacterial Vaccine Vectors" in Vaccines in 
Agriculture (Exhibit JCC13). Clearly, a wide range of vectors were known well before 
the filing date of the Present Application. 

Moreover, from my reading of the specification it is clear that the inventors were in 
possession of vaccinia vectors, bacterial expression vectors (e.g. a bacterial cell 
comprising the plasmid P GEX-3X), and the mammalian expression vectors described at 
paragraph 58 of the subject specification which utilize a CMV promoter or RSV 

promoter. 

As a person skilled in the art of vaccine technology, I am also aware that well before the 
filing date of The Present Application the features of DNA vaccines most relevant for 
enhanced vaccination were well known. Numerous vaccine vectors were described 
which were capable of eliciting persistent humoral and cell-mediated immune responses 
to a wide range of viral, bacterial and parasite antigens. The vectors are generally non- 
replicating, non-infectious and non-integrating, and are stable and easy to prepare at low 
cost Examples of such vectors are described for example, by Fynan et al., Proc. Natl 
Acad. Sci (USA) 90, 11478-11482, 1993 (Exhibit JCC14); Pardoll et al., Immunity 3, 
1650169, 1995 (Exhibit JCC15); and Ramsay et al, Immunol. Cell Biol. 75, 382-388, 
1997 (Exhibit JCC16). Fowlpox virus vectors were also well known before the filing 
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date of The Present Application, as described by Somogyi et al, Virol. 197, 439-444, 
1993 (Exhibit JCC17). 

Having shown that each CTL epitope of a polyepitope is correctly processed and 
presented to APCs, and given the success of DNA vacation with such a wide range of 
vectors before the filing date of The Present Application, the general teaching of vectors 
provided in the specification when it was originally filed is sufficient to adequately 
convey that the inventors were in possession of the claimed genus. 



52. 



53. 



54. 



55. 



56. 



The Vaccine Claims 



The Examiner also alleges mat me specification Ms to provide an adequate wrttten 
description of polynucleotides encoding a plurality of CTL epitopes that are useful for a 
vaccine preventing disease. The Examiner also suggests that the specification only 
provides sufficient information and guidance to contemplate a use for the constructs to 
achieve completely protective vaccination 

Claims 33 and 34 are directed to nucleic acid vaccines. The claimed vaccines comprise a 
polynucleotide having identical properties to the polynucleotides of claims 14 and 15, 

respectively. 

I strongly disagree with the Examiner's conclusion m respect of Claims 33 and 34. As to 
the Examiner's suggestion tha, the specification only provides sufficient information and 
guidance to contemplate a use for the constiucts to achieve complete* protective 
vaccination, 1 disagree with the Examiner's assessment of bom the scope of the teachtngs 
of the specification and the uses to which the polyepitope constructs may be put. 

As I understand it, the relevant question with regard to such claims, as distinct from 
daims directed to mere polynucleotides, is their ability to elictt a protective unmune 



response. 



I note tha, a. least one construct exemplified in The Present Application (i.e. Example 2) 
did confer a protective immune response. As noted supra, Example 2 of the speculation 
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as originally filed taught that the CTL responses induced by the polyepitope was, in fact, 
protective. This analysis was performed using a tumor model (i.e. ovalbumin-transfected 
EL4 cells in C57BL/6 mice) and in Balb/c mice infected with MCMV (paragraph 56). 

I have already stated herein above that I consider the specification to provide a sufficient 
disclosure of polyepitope-encoding constructs in view of the plethora of known CTL 
epitopes available at the filing date of The Present Application and the broad teaching m 
the specification for the first time as to how to formulate such CTL epitopes into a single 
polyepitope-encoding construct. Many of the known CTL epitopes at that time were 
potentially useful for vaccines to prevent disease. Furthermore, given the detailed 
description of the claimed invention in the specification and that the constructs provided 
by the specification are generic for constructs comprising two or more CTL epitopes, a 
skilled researcher in the field of vaccine delivery, bacteriology or virology, desnrous of 
constructing a composition for use as a vaccine, would understand that the selection of 
appropriate epitopes for any particular vaccine application would be within the 
capabilities of the skilled researcher. The incorporation of such epitopes into a 
polyepitope construct as provided by the inventors would be routine in view of the skill 
in the arts and the guidance provided by the specification. 

Given the similarity in the immune responses of mouse and man as discussed supra, and 
the fact that the inventors were actually able to demonstrate protective immune responses 
in mice I conclude that the specification as filed did actually provide a sufficient 
representative number of examples of polyepitopes useful for a vaccine preventing 
disease If the Examiner considers that the inventors should need to provide data on 
human vaccination trials, which would only be available in the form of phase I/II/III 
clinical trials, then in my opinion the Examiner has misconstrued the invention and not 
fully appreciated the general acceptance of mouse models in the immunological arts. 

The Examiner may have failed to fully appreciate the benefits to be derived from the 
invention, which should not be underestimated. For example, the description at 
paragraph 75 clearly and unequivocally states that in the case of polyepitope-encoding 
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constructs designed to give protection against a variety of different diseases, "an 
individual receiving such a polyepitope vaccine, but who had already been exposed to 
one of the target diseases would still be immunized against the remaining CTL epitopes 
in the polyepitope". The impact of the finding by the inventors that each CTL epitope is 
correctly processed and presented therefore provides enormous benefits, including 
vaccinating human populations against a wide range of different pathogens using a single 
formulation, and significant cost benefits to the industry. 

60. In summary, the specification as filed provided a sufficient teaching of the broad 
applicability of their invention in so far as it relates to a polynucleotide comprising a 
nucleic acid sequence encoding a plurality of cytotoxic T lymphocyte (CTL) epitopes 
wherein each CTL epitope is substantially free of sequences encoding peptide sequences 
naturally found to flank that CTL epitope and wherein at least two of the plurality of CTL 
epitopes are contiguous or spaced apart by an intervening sequence that does not 
comprise a translation start methionine, to demonstrate that they were in possession of the 
invention. In my opinion, the invention has much broader applicability than merely the 
exemplified polyepitopes. 

61. I declare that all statements made of my knowledge are true and all statements made on 
the i nformation are believed to be true; and, further that these statements were made with 
knowledge that willful false statements and the like so made are punishable by fine or 
imprisonment or both, under § 1001 of Title 18 of the United States Code, and that such 
willful false statements may jeopardize the validity of this application or any patent 
issued thereupon. 



Date: i c \ 
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16. 

17. 
18. 
19. 



AMENDED d ATMS OF US SN 09/576.101 

A polynucleotide comprising a nucleic acid sequence ^^.^^^^ 
Wmnhocvte (CTL) epitopes wherein each CTL epitope is substantially free of pept de 
SS^toaUy found to flank that CTL epitope and wherein at least two of Ae 
Plural of epitopes are contiguous or spaced apart by an intervening sequence that 
does not comprise a methionine. 
15. The polynucleotide of claim 14, wherein the CTL epitopes are contiguous. 

The polynucleotide of claim 14, wherein said polynucleotide encodes at least three CTL 
epitopes. 

The polynucleotide of claim 14, wherein said polynucleotide encodes four CTL epitopes. 
The polynucleotide of claim 14, wherein said polynucleotide encodes nine CTL epitopes. 
The polynucleotide of claim 14, wherein said polynucleotide encodes ten CTL epitopes. 

20. A vector comprising the polynucleotide of claim 14. 

21. The vector of claim 20, wherein said vector is selected from the group consisting of a 
viral vector and a virus-like particle (VLP). 

22. The vector of claim 21, wherein said viral vector is a vaccinia vector. 

23. The vector of claim 21, wherein said viral vector is an avipox virus vector. 

24. The vector of claim 21, wherein said vector is a VLP. 
The polynucleotide of claim 14, wherein at least one of said CTL epitopes is derived 
from a pathogen. 

The polynucleotide of claim 14, wherein said polynucleotide comprises a nucleic acid 
sequence encoding CTL epitopes derived from a plurality of pathogens. 

27 The polynucleotide of claim 25, wherein said pathogen is selected from the group 
Lnsisti^rf Epstein Barr Virus, Influenza Virus, Cytomegalovirus, Adenovirus and 
HIV. 

28. The polynucleotide of claim 14, wherein at least one of said epitopes is derived from a 
tumor protein. 

29. The polynucleotide of claim 14, further comprising a nucleic acid sequence encoding a T 
helper cell epitope, a B cell epitope, or a toxin. 

The polynucleotide of claim 14, further comprising a nucleic acid sequence encoding a T 



25. 
26 



30. 



helper cell epitope. 
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31. The polynucleotide of claim 14, further comprising a nucleic acid sequence encoding a B 

cell epitope. 

32. The polynucleotide of claim 14, further comprising a nucleic acid sequence encoding a 
toxin. 

33. A nucleic acid vaccine comprising a polynucleotide comprising: 

m a nucleic acid sequence encoding a plurality of cytotoxic T lymphocyte (CTL) 
(0 X wLrein'each CTL epitope is substantially free o peptide ^ces 
naturally found to flank that CTL epitope and wherein at least two of the plunk* 
of CTL epitopes are contiguous or spaced apart by an mtervemng sequence that 

does not comprise a methionine; and 

(ii) an acceptable carrier. 

34. The nucleic acid vaccine of clahn 33 wherein the CTL epitopes are contiguous 
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Summary ■ | 

A proportion pT cytotoxic TitymphdoytBs {CTLJ re- 
sponding to Infection by Influenza recognize target 
cells that express the vtral nueieopmialn. Recent work 
showed that CTL can recognise short | overlapping 
regions of large nuclooprotein fregraante expressed 
In tronsfocted L aolls. This led to the suggestion thai 
CTL recognize segmental epitopes of denatured or 
degraded proteins In a elmllsr way to helper T celte. 
One corollary of this Idea te that CTL ehoujtd reeegnbe 
appropriate short peptides on: the target cell surface. 
We demonstrate thai the epitopes Of nuclfiflproteth 
recognized by CTL In association with cjlaae I mole- 
cules of the major hlstocompa'Ublllty compter In both 
mouse and man can be defined wltri short synthetic 
peptides derived from the nucleoprotein [sequence. 

IntraducUon i 

Mice and hurnans retaliate with a vigorous cytotoxic T lym- 
phocyte response to infection by Influenza A viruses 
(reviewed fay Asfonas et ah. 19B2; Towrksa'nd end Mo- 
MichaeJ, 1985). Cytotoxic T lymphocytes (CTL) Gener- 
ally express the Lyt£ positive (DD£ in (he human) surface 
phenoiype and recognize and kfil infected target cads that 
sharB class I molecules of the major histocompatibility 
complex (MUG) with the host In which the OTL developed 
(reviewed by Swain and Oution^ 1680; Dlafyn&s et aJ., 
1963; Blanden et ah, 197S; ZlnkWagel arjid Doherry, 
1979), OTL may play an important role In limiting the 
spread of virus in vivo (reviewed by McMkjftaef et flU 
19©). j ] 

Liitfe is known about the nature of the viral epitopes rec- 
ognized by CTL on the surface of an inractedi target cell. 
Raoently a major population of CTL from influenza In- 
fected mice have been shown id recognize murine L ceil? 
(a fibroblast line) thai express the viral nudeoprotein (NP) 
In Isolation after ONA msolated fiene tmnsfafrlcibwnsend 
et hL, 1984b). Recombinant vaccinia engineered to ex- 
press Influenza NP also has bean used to demonstrate 
human (McMlchael et aL. 19BH) ano* murine (Yajuvaell etal., 
1Sfl5) ctl that recognise the NP] molecule, Recant evi- 



dence has shown that other nonglycosylated proteins of 
the vlrua can also be responsible for inducing cytotoxic T 
celte (Yewden, personal communication). 

These findings raised the question or how viral compo- 
nents that are not transmembrane proteins and do nm 
have recognizaole amlAO-termlna) leader seojuencas are 
transported to the plasma membrane of the tergal cell, 
where CTL recognition ia assumed to occuc To investigate 
this. L calls were transacted with a series of delation mu» 
tante of the influenza NP gene In an attempt to Identify se- 
quences required either as epitopes recognized by rjfL 
or as signals for membrane transport ffownsend et ah, 



Epitopes were localized by comparing L celts express- 
ing large fragments of NP that overlapped over short 
regions. In this way two regions of sequence recognized 
by CTL were Identified In a continuous segment of 59 
amino adds between residues 3ZB and 3BB et die mole- 
cule. No leader-tike sequence could be located because 
n on overlapping amlno-termlnai end carbcncy-tarmlns! fag* 
merits of NP were lecognlzed' equally weft by appro- 
priate CTL. This Implied that the two ends of the molecule 
Muld be transported to the plasma membrane inuepan- 
dandy of each other. In addition, although all of the frag- 
ments of NP expressed In iranafectad cells could be rec- 
ognized by spacffic CTL, some ware no longer detected 
With antibodies that bound me complete folded molscula 

One possible explanation for these results is thai non- 
membrane viral proteins are degraded in the cytoplasm of 
the infected ceil, producing short denatured peptides that 
are exported; Iron) the cell by some unknown mechanism. 
Such degraded viral proteins may then become available 
for recognition by CTL in aswcfatlOA with class I MKC 
molecules In a way similar xo that in which helper T cells 
recognize denatured or degraded proteins with class II 
molecules (reviewed by Grey and Chesnirt, 198S; Unanue 
et aL, 1984). 

One of the main predictions of this proposal is that CTL 
should be able to recogntee appropriate share synthetic 
peptides corresponding to linear regions of the NP se- 
quence when they are added In vitro to the target cell sun 
face. We describe experiments thai define the epitopes or 
Influenza nucleoprotein recognized by class I restricted 
CTL from both man and mouse using short synthetic pep- 
tides. Both the minimum length and tha concentration re- 
quired are simitar to those required lor recognition of pro- 
tein antigens by class II restricted helper T coils. The 
results are consistent Wtth the vfaw thai all somatic calls 
bearing class I. molecules may be capable of degrading 
and presenting newly synthesized viral proteins to CTL 

Results 

Murine and human CTL were tested tar their abilhy to lyse 
^Cr-laoeied target cets exposed go a variety of peptides 
derived from the nucteoproteln sequence (see Tables i 
and 3). Cloned murine CTL also were tested for their 



Received 11/19/2002 23:25 in 29:06 on line [4] for TB10007 printed 11/20/2002 08:20 * Pg 22/73 
20/11 '02 16:42 FAX 61 3 963 9 2951 



14/11/2002 



1U0T7 



CCRC LEVEL b * 130396633099 



Tab* 1. Amino Ac* SM*Mn»™ of iha Miictaoprordpe ham AJFFVafiM 



NO. 365 



and /VNTWOWS between Residues 3Z8 end 3fl6 



470 



390 



330 340 350 . 350 



CTL ere untfarnnad. 



proliferative responses to peptides in the preeence of 
fender cells and T cell growth factor* The Sif> release 
experiments described below were performed either by 
incubating CTL and target cells Tn medium containing dis- 
solved peptide (method 1), or by preincubatlng the target 
caRs in a nigh concentration of peptide and then washing 
them extensively before exposuie to CTL (method 2; eee 
Experimental Procedures lor details). 

Recognition of Nucleoproleln Peptides by Murine CTL 
Two donas of Influenza A specific CTL were investigated 
tor their ability to recognize pepEdes. Both wetd derived 
from CS76L mice (H-2b) and recognized their target anti- 
gens in aaaoci&iion with the class I MHC molecule D b . 

Cytotoxic T Cell Clone F5 

This cloned teft Urxehaa n*an described previously pbwn- 
send el al„ l9fiwa)> F5 expressed the Lyt2 positive. L3T4 
negative, Thyi positive ptienrXypa by indirect immuno- 
fluorescence with emJbodiaa 33-6.7, C3K 1ft end 97-13 
respectively (data not shown]- It has been shown to be 
specific for the 196B nueleoprolflln. and the epitope reeog- 
nirea has been localized to a region of the molecule be- 
tween amino adds 328 end 38a (Tbwnsend el a).. 1965). 

Table 1 shows the raiment sequence at the molecule. 
There are five amino acid differences In the sequences of 
the ft lipoproteins from vim bos Isolated in 1934 and 196a 
As clone F5 eouW distinguish between these rooiproielns, 
one or more of the amino adds thai differ were thought 
likely to farm partd the epitope recognized. The Asn-to- 
His change at position 334 was shown not to pley a rote 
because alurther deletion mutant of NP that lacked amino 
acids 255-^39 was recognized efridentiy by dope F5 
(date not shown). FeptirJea covering the remaining se- 
quence wars then tested for their ability to sensftfee target 
cells in the &Qr release assay, and to stimulate prolifera- 
tion of the CTL done in the presence of IL-2- ; 

Figure 1 shows the results in the 51 Cr mieaaa assay. 
The three panels at the upper left demonstrate tjie speci- 
ficity of clone F5 for the 196D influenza nuclecpcoteln; the 
remaining panels show the level of lysis of the L/b* tej&ot 
cen in the presence of the indicated peptides* The results 
showed that recognition by CTL clone F5 could be nar- 
rowed down to a 16 amino acid segment represanled by 
peptide 365-380 derived from the 1666 sequence, 

The upper half of figure 2 shows that recognition of 
peptide 36&-36Q (1366) by clone F5 was class l|MHC re- 
stricted. The lower hall of Figure 2 demonstrates the effect 
of titrating Outths concentration of peptide 365-360 (1968) 
while maintaining a constant ratio or CTL clone to target 
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IGT 10 5 25 1? 10 5 15 ll 10 5 IS 12 10 5 25 12 
Figure t FtoeoBrttlflfl by CTL Clone FS [D 6 flasti IfledJ of Do* Ta)&t 
Cells In m Presence or Peptides Corresponding lo Radons offhaNP 
Amino Acid Saquente 

w irw top Ian ore Iha diree ecmrois! UP 6 (l ceils iransteeitt ww» irw 
class i MHC gene 0^>(^ che> Abttnes of mUtfe. uf"i (L cbU emrafuv 

f«CtM wlrti P° and Uw 19SQ ggna far NP), end L/D* inEBded wffo X91 
vtrua. which exprasaag me gene fer Nfc The remaining onnela 
snow the reooflrtlton of UC* eswi w ih« p*$anee at *e mdoiod 
peptldee fit e Hftai «rtcertvari» or as ptgwii o^fr-^-S jiM). Th« 
rtilanM wny WAfl perlbmiDd by t»tfng OR bI a variety of kfllentarget 
<K3) reikis as daecribad In ^xp^meoUl ProwOurss, method 1, 



cells of 2;1. The optimum level of lysis was achieved with 
a concentration of this preparation of peptide In the essay 
of between 5 x 10** and 10 x lO -6 mofee par liter. 
Clone F5 also was induced to proliferate* in the pres. 

. once at IL-3 containing medium and uninfected feeder 
cells, by peptide 3S5-HBQ (1968). Table Z shows that this 
peptide induced maximal profcferaticn whereas peptides 
345-360 and 363-482 (1968) had no effect. The result Is 
noteworthy because the optimum concentration of pep- 
tide 965-360 (isgs) required to induce proliferation by 
done F5 was the same as that which Induced the pla- 
teau level or cytotoxic activity in the ai Cr release assay 
(Figure a). t 
In control experiments done Fs was tested either by 

• si Cr release or by thymidine incorporation with a variety 
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I MHC reatrictod. Recognition of L cuts tmntfeOSS with tho cIms I 
flaw O 6 U ihoyim At tha Wt raoognlttor* of iWmnsfaeted l e*n$ at ih» 
rfghl. Tiugftt colta wire (a) Infected with E^I-VJ-^i^VlruB. whittl OH- 
oreawc Win 16BB NP gsne; <b] unlrrfod&d; (c) reituspBnded in peptid* 
365-360 trtsfl) at 20 v&tni pi£ »iM}; and (4) rMiwtmnOed 1ft pepUda 
3B9-QBS (1999) « 20 KM). 1 1 

(Bdltom) Rawgrtitian by Cf\ ctone F5 of L/Db eons in Uib pwence ot 
daere^fltng OOrWontrtRjBfia of peptidfl 385-380 (teflS). The fl, CT re- 
lease assays warn done using methfld 1 end « I4ii«rjtifgec ratio of £1. 



of other peptides derived from the NP aoquerige, but with- 
out any effect (mess negative results are summarized In 
Table 3). 

The Optimum Length ot Peptide 
Recognized by Clone F5 

in Figures 1 and 2 we have shown that cljojne PS recog- 
nized the 16 amino acid peptide representing the se- 
quence between residues 365 and 3BD erf (Yip 1966 nucleo- 
protfiln. In later experiments we Investigated the effect of 
reducing the length at ihig peptide. ] ! 

A series was made of new peptides of decreasing 
lengths (during one synthesis), oov&rlng to sequences 
36*-37». 366-379. 367-378, 368-379, and 369-373. 
These peptides were then compared over aj wide range of 
concentrations In ma * Dr release assay tor, their ability to 
induce lysis of UOb and Eb4 (H-2U) target cells by clone 
FS. The «c*rimem&wera performed using jmeihod 1 with 
the peptides present throughout me assa^ The results 
with EL4 Unjet c*Ue ana ah own in Figure a. On the y-axls 
is shown the level of lysis Induced and on [the x-exls tha 



molar concentrations of the various peptides used. The 



Tattte 2. PrWfonUion of Ctona FS with Pnptida 5fiS-3S0 (isfia) 
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Ho peptiSS. unlrtfbclBd 
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L/C^ target cells gave very simitar dose-response curves 
(data not shown). 

The most efficient peptide was 3BW79 (labeled A in 
Figure 3), The concentration of this peptide required to In- 
duce 30% lysis of the target cells was 6.25 x 10~* molBS 
PBr liter. The negative oontrdl was 365-360 (1B34 se- 
quence), which had no detectable effect up to 251 x 
ior« moles per iter (Q *n Figure 3). An approximately 10- 
fold greater concentration of the longest peptide of Ihe set, 
305-379, was required la fnduce the same level cf lysis &a 
366-379 (Q In Rgure 3), The remaining three peptides or 
the set, 367-379 (C), 368-379 (D), and (E). 
demonstrated « roquirerngnt lor ar» approximately 10-fold 
increase in peptide concentration (or each reduction in 
length oy one amino add to achieve 20% target cell fyste. 
According to Ihis criterign peptide 359-373 was at least 
I0*-fold less efficient than $66-379 at inducing lyeTs Of 
EL4 target cells by dona (oompare curv«e a and E in 
Fiflura 3). 

The set of peptides covering the sequence 365-37B 
was made during o^e synthesis on an Applied BiosystSTns 
peptide synthesizer- Consequently, each of the products 
was similar In purity, as assessed by HPLC (eDprarimeiely 
90%; data not shown). The relationships between the 
dose-responsa curves for each peptide shown In Figure 
3 thefefanj can be regarded as accurate. The relatively 
high concentration or peptide 365-360 f1966) required for 
lysis (Figure 2) and proWfaraiion Oa&le 2J » related to the 
fad that this preparation was made separately, using a 
manual technique, and was correspondingly less pure. 

Finally, although 885*978 had a specific Stfact m con- 
centrations up to &12 x 10-« moles per liter (E in Figure 
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Tabla 3, summaiy erf CTL Recognition of Mucloopfntaln PBplfidBS 

^ ^""^^ Cm. RacognJNOp 



Data 



Mot. WU 



Moun 
Clone fS 



3»«M9 
3a&-34B» 

345- 360 

346- 360* 

3S7-376 
368-378 
399-47* 



3fl5-3S0 



395-401* 

«11M2$ B 
413-427 1 

44&-4SD" 
4E&-47D* 
47£-4fl7" 



1968 
1S34 

1934 

tsaa 

1«60 
1966 
1933 
I9fifi 
MSB 
1834 
1SOB 
lfl34 
1934 
1934 
1fi34 
1934 
1^94 
1S34 
1994 
19Q4 



1706 
1G73 
1*51 
1766 
1633 
1516 
iSOfl 
1403 
1424 
1337 

izsa 

1736 
17B0 
1621 
1B5S 
1B90 
1460 
1B77 
1734 
1B4S 
1737 
1G95 
i$20 



+ 4 4- + 
+ + + 

♦ * + 



Mouse 
OtofM A3.1 



NTT 
NT 



NT 

NT 
NT 
MT 
NT 



NT 
NT 
NT 
NT 
NT 
NT 
NT 
NT 



fjgman 



* + * + 



NT 
NT 
NT 
NT 
NT 



NT 
NT 



posifca (+) or rtagaTwa (- )■ NT: not iPSl&d. 



a) t the ovenapptno, pepMe 368-982 had only a barely 
delectable effect [F in Figure 3). Tha latter peptide was . 
made In a dlllerent synthesis but Mas similar in purity to 

CTL Clones A3.1, B4, end BB 

Thew three CTL donas were derived from CS7BL (H-Sb) 
mice primed and restimulaiBd with the recombinant A vi- 
rus X31 , which contains the N P gen© fnnm a. 1934 vinj& lw 
late (Baez et a!.. 1980). Aai has been described previ- 
ously (Tbwnsflnd and fikahel, 19B2; Tbwnsand el Hi., 
l98S0.lifll9d«W6sBBdthel.yT2 l Tnyl phenotype arid had 
the exact reciprocal specificity to clone PS descrtoed . 
above. A3-1 reeognrsod aH A viruses isolated between 
1934 and 1943 but not virusas Isolated between 1946 
and 1979. and experiments wWi rewnpinant A viruses " 
ahaw&d it to bm specific for the 1034 influenza NP (Town- . 
S&nd at ej., 1fi84b). Clones B4 and BB, derived In a wpa- 
rata cloning experfrneni from A3.1, h^ve been shown to 
have the same epecfficfty (Wraith, unpublished results). : 
Tha reciprocal relationship of (he apedflcftfee of donee | 
p5 and A&i for natural virus leolaiee led ue to test the ! 
365-380 peptide derived trow the 1934 NP sequence (see : 
Table i) tor recognition by clones AM, B4w end ea The 

results tar In frie Sl Cr release assay are shown In , 
Figure 4. A3.1 recognized 3&5-9BQ (1934) but not 365- j 
3fi0 (1968). In addition AS.1 pnoHteretad In response to . 

365-360 (1934) put not 10 305-360 (13BE) (Gala not 1 

snown). Clones B4 and Be Haws the same partem of acthr- ; 



rty Ba Clone Aa.1. All of these clones were shown 10 be re- 
stricted through D* for recognition of peptide 385-390 
(1334) (data not shown). 

The Effect ot Prelncubating the Target Cell or 
the Effector CeH with Peptide Antigens 
An of the results described above were from experiments 
using m«Rti0d i. wnere the peptide Is present in solution 
in gontact with both CTL end target cells thrcughoul the 
G hr period ot the 6l Cr release assay. 

In Figure 5 the effect of praincu bating the target cell is 
compared with the effect of prerncubatlncj clone F5 with 
peptide aes-aso (iaea). Targot cotia treated (n thia way 

were recognized as sfficiantr/ as when peptide was pres- 
ent throughout the essay. Figure SA also shows thai CTL 
recognition ot targel cell* prepulsed with peptide was 
MHC restricted, as untransfactad L cells, whfch da not ex- 
press D b t Were not recognized after prior exposure to the 
peptide. 

Figure SB demonstrates that pulsing tne CtL clone with 
peptide 36S-360 had no effect. Clone F& was not abte to 
recognize untreated UD b target cells afiar prior contact 
with peptide. Neither old prstraetlng the CTL done with 
peptide have any ef (act on trie recognition of infected, np 
transected (daia not ehown], or peptide pulsed target 
cells. 

Tha CTL clone, which expresses the D*> molecule, wee 
examined lor the aoiuty » tyse Itself when the 365-380 
(1996) peptide was preeant Throughout The 61 Cr release 
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Rgura a. RacngnTtnr of EL4 (K£to) T&n»9t Cdla in the Pmfifinc* of 
Decreasing Ccncflrtration* a! fcepUdas t 
Al 3H-3T7D ri066X Bl 3B5-37B (1966). C: SfiWS (13BBJ. D: 3flB-37B 
(1968). E: 389-979 (lQSaj. Pi (1961). Q; 363-380 (igfe). The 

*Qr refaaflQ wes assayed using metnod 1 bb dwcrlbpd Ift BcpBilmerw 
t&l ProcBdurea, Thotincl coneonlraHans of pepOOfie prassm Oyrlftfi trie 
aaay pre afcawn. 

1 




@025 
NQ.365 P06 



Rgvie. 4* Recognition by CTL ClOft* 43,1 al Popildo 365-380 (1334) 
The pqperim&rtL*B5 est up a* described "tar Figure I'wWi the puptidea 
at a final oaroanTrnIloo of 95 u^/ml (109^21,6 pM). Ipo Cfintmte w* 
npi <L ctfta catra/tstected with o h end i9fla NP) and l/0 b Infected 
ttfth JOl fwhhih eavra&sofi ir» 1034 NP). Tha Oft ctoi** ma used at 
& IdttenuirgBt ratio or 1.K1. 




PlflUrfl & ElteCta of Praiicuharjftg Target Cefls or CTL Clepe with 

IA& ftocoflnWon by done f=5 or L/D B laroeJ csHa iha haw* been ex- 
posed to too ngM (ere mm) «r psotiOD ese-aeo (isee) and tnsn 
tsnfihrtfy watfiod. (B) flacogirtton hy etone F5 alter it has b&en e* 
poasd lo 1U uglnil (5?J9 uM) of peptide and then washed . 

TVnQol oHim (a) uniMBind 1/0* coll* [• ) WD" eels exposed n pep. 
IUb 355^360 (1660) then vraafiod four times; (□) urMrBBlad L CCfc; (■) 
L call* oxposed to pepddo 3flM80 (1B69) ifun wultnl taur limas. 



assay. F5 was labeled with 51 Cr and Incubated for 6 hr In 
medium containing peptide 365-360 (I566) et between 5 
ng/ml and 100 iiQ/mJ (2.9-57.8 p.M). iSfo serMysIs occurred 
(data not shown). Taten with tti 9 fact that clone F5 pToJifer- 
etas more efficiently when stimulated wllhlthe optimum 
concentration of peptide than when stimulated with irtrus 
InTected feeder cells (Tabte 2), it is apparent that me CTL 
done must have a means of avoiding autniyair*. 

Identification of Nucleoprcteln Peptides] 
Recognized by Human CTL i{ 
A proportion of humane grimed by nature influenza in- 
fection can generate CTL in vitro that recognize the viral 
NP (MeMiehael at el., 1S66). Polyclonal Influenza A virus 
specific rJTL prepared from blood donor MQ w&r& found 
lo include a majgr componem that wee spotiflc for NR 
These were then tested on the peptides fromjNP presently 
avail able [summarized in Tafile 3), ,j 

Rgura 6 stiowe the etfsot of incubating M3 CTL wfth 
syngeneic target cells in iha presence of iacri peptide 
during the S hr ^Cr release assay. Trie 51 Cp labeled lar- 
gel cells urare Jysed in thB presence of peptide 335-949 
(1334) e$ Offtciemly 46 after irJiUBnto Avfrii Infection. A 



lower level of target eel) lysis was Induced by peptides 
W-370 end 410-425 (1934). It Is Important to note met 
MG CTL did not recognize peptides 3&5-3&D from 1934 
or 196a 

We have since found that MG CTL which recognize 
335-349 (1934) croas-reaer on the homolaguii^ peptide 
fiorn the 196a sequence mat differs by a Lys-tcnArg 
ohange at posltton d4fi (Table 1). This specifiers repre- 
aents the charactsristJc cross-rea^Uvfty displayed by the 
majority of Influenza specific CTL In man (date not shown). 

Subsequent experiments showed thai optimum condi- 
tions far detecting recognition of peptides by MG CTL In 
Iha &1 Cr reieaee edeey could ba obtained by pralncubah 
Ing labeled target cells with peptide (method 2 in Ex- 
perimental Procedures). The remaining experiments were 
done In this way. 

Human CTL Specific for PepHdo 335-349 
Are Cla&o [ MHC Restricted 

lb identify the HLA molecules thai restrtcifio the recogni- 
tion of peptide 335-349 (1934) by MG CTL a series of tar- 
get cello from different blood donors was prepared. The 
reaulte ero shown In Figure 7. MG CTTL recognl2BC in- 
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lymptmblasb. 



OTL Infected target ealte * ^J»"5J 
mdecuiBs (homozygous OFT) were not recognized. T^J 

SSs treaSS peptide MM <""ff"J3l 

lad 0lMV wnen they shared the class " allele HLA B37| 
^S?vSKSSd ft- peptide 33fr«B OWjg 

tourLaiiabie allelic class I products/ whereas dm 
v.rus Infection reeuitad In the expression ot .ddlto-J -5 
ten™,*** on the tercet «« ^j^L^J"^ 

blast cell* were used as twne» ■« «Cr release assay 

^?fSST&**r "nttc. *CH*etod MS «4 

pnmaaled with peptide HW*) ' "31 

^etetor Wluana A epaeffie CTL from a^f^^f 
JlJ) who shared only Ihfi- HLA Cfi class I 
bn. from donor JJ also were etna to recoonto NP ««- 
dressed by rawmblnant vaMrnia (data not shown)- WG 

U3ed with papM* *» 5 - 3 *f^ M W !S-' 
Traced by JJ CTL. In addition, JJ CTL d1dn« 

resize peptide C<**> ™ HfW™ 

cells (data not shown)- ]i 

Human CTL Specific tor Peptide 335-a« 09«> 
An InWMted by Monoclonal AmUbodlca » CM |l 
^rcTinnwnSAvirus Infected or peptWftireaedtarflat 

mg ^ncen^lons d a variety ot monsM ^dt» 
town to iMrtenJ w«h T cell recognition or lyaja. Figure 
jTe~*«hP*i of papt.de treated ^* 
nlbliad by anHhodtes to HLA B and C artfe**. CDft , QOa 
and the «pna chain of W. No inhibition was obtained 




an « 

KiT flMIP 

HbU^t. f ^nW«atl^tldBa35^r*lh.H U mBftCTI.taa«. 
Oft QR1, DR7. 

with antibodies to CD4 or shaiod determinants ot HLA 

cX*ere similar. Tti HS a res** b«W1«* »' d ^ ' M " C 
* a trtctAfl lysis mediated by CPA (T8) p^wvc T cans. 

Dtetiidalan 

Cytotoxic T Lymphdcyiea neeognfao 

man and rmwao Dim reooBnize snort synthetic pep- 
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Pteura& Huniv> Cn'tThdll Raeosntee RdpGdft 335^349 Are irihibnetf 
cy AnUba<f»a to CDS > ( 

MO Tnflue*aa spsclflc pofydtonai civ weni tested or autafoaoiB MG 
a lympMflbfBSiofO certs thai hed fnfedad t^th IntluenXA vl- 
Ain pan) Of iiftlnfcetod taul Iraated wflft peptide W&rp4S at 100 iig/mi 
1er l hr (f&tfl. Lysfa was tasted ot i titlarranpt rallb jaf 25;1 In lha flb- 
Of added ortfbody cr in (he praeeflco Ot saturating concentra- 
tions of mo antibodies en«m. Sbntfem em** w&w aft low thfirt 3tt. 
LMlnractad US B ryrnohctafefliald eate thai were not ireaiDd whn pep- 
tide rjsad to SL24b by the CTt. N.ti not (Anted. 

j; : 

tides corresponding to refllona of the viral' NP sequence. 
Recognition of peptides on the target ceil surface was en- 
tfsenspecijic and triggered efficient lyelabyCTLCFIguflee 
1 and 7). It also Induced resting CTl_ to become respon- 
sive to the growth-promoting arfaci of iL-sifTatjle 2). 

The epitope recognized by murine CTll jelona F5 was 
studiad in data)) (Figures 3 and 4), Amino field changes 
at positions 372 (Asp to Gfu) and 373 {Ala tojfhr) abolished 
recognition of peptide 365-36:0 by done F& but created 
a new epitope recognized by clone Aai.| frtese r&sults 
ehow that the region of this peptide controlling T cell spec- 
ificity must contain the residues at positions and 373. 

Variation In the length of the peptide containing res- 
idues 372 and 373 was shown to have a profound effect 
on the affiderrey with wnloh It could be recognized by 
clone F5 ai the target cell surface. The optimum sequence 
we have been able id define Id the 14 amlaa aclda from 
position see to s?,b (a ?n Figure a), variation in length at 
either end of this peptide was associated! with negative 
shifts in Tha dose-response curve (B-F In iftguna 3), 

These experiments with class I restrictedjCTLwere per- 
formed using) the 6l Cr release assay, which involves a 
4-6 hr contact between T ceil* target cell, and peptide. Trie 
results are ctearfy related to the wealth of data on erase M 
restricted recognition of peptides obtained in proliferation 
assays* The optimum concentrations of pejptldes that In- 
duce class I restricted lyela and proiWeralion ere In the 
same range as a variety of class 11 restricted responses 
(reviewed by Haskett et al., 19B3). Effects eirnliar to:thosa 
shown in Figure 3 have been described in several exam- 
ples of class If rostrioiBd recognition of peptides. These in- 
clude guinea pig T cell recognition of Insulin |& chain JpBp- 
tfcte 1-16 (Thomas et aJ., 1581), a deiaiien; analysis of 
recognition by murine T celt clones apeeffic for peptide 
46-61 of hen egg-white rysozyme (Allen jet at., 1085), 
residues n 0-121 of sperm whale myoglobin (Livingstone 
tst aL, cubmiuecQ, and me amino terminus of murine my- 
elin basic protein (2anv|i el al, # submitted).! 



The discussion ot these results has centered around 
the possible conformational end physicochemicat re. 
straMs on a given immunogenic peptide required for ft to 
interact Wrth both the restriction element (erase 1 or oma 
U MHC moiecule) and the Teen receptor (De Lisi and Bar- 
zofflkl, naas; Haher-Katz et al., 1SB5).Tne notion or these 
Interaction a has been sfmpflfledby the concept of two spa- 
tially separate regions of immunogenic pepiioes, one 
meKinfl CDntad with the MHC molecule (the *&ggretape^) 
and the other with the T can receptor (the epitope). A vari- 
ety Of experimental data are consistent with these ideas 
(Ukferdeiin, 1962; Rock and fienacerraf, 1S63; Heper-Katz 
et aJ.. 1682, 16S3: Sabblti et al., 19B5)l 

In our example with peptide 3BG~379 H la temptlag u as- 
atgn the rote of epitope to positrons 372 and 373. Altera- 
tions in these two residues change T call specificity, but 
have no apparent effect on MHC restriction (Rgures 1, 2, 
and 4}, Residues 305-366 comrol the efficiency wtih 
which the peptide is recognized on the target cell surface, 
but do not contribute to the specificity of CTk recognition 
(Figure 9). Residues 365-368 would thus fit the concept 
Of en mggraoper However, trie validity ot these asston* 
merits in tha absence of any structural information re- 
mains pneertatn. 

Recognition of Peptides by CTL 
la Class I MHC Restricted 

The phenotypas of the CTL we have studied are charac- 
teristic of calls that recognize antigens m association with 
class l MHC gene products (Swain and button. 1B80; 
aiynas et aL. 1533). In eech of the three examples, recog- 
nition by CTL of peptides on ihe target cell surface was 
antigen specific and restricted through a einglo dass f 
MHC molecule (Figures 2 and 7). This was pe/ticul^m/ 
revealing in the eKporlmene with polyclonal human CTL, 
Ih which only one of the three class I molecules recog- 
nized on virus infected ceils function ed as a restriction ele- 
ment for peptide 335-349 (Figure 7). TneaB observations 
abctand previous worfc on class f MHC controlled immune 
response gene effects observed with whole live viruses 
(Qianden et a!., 1379; vrcedo and Sherman, 1963). 

The selection of only certain combinations of peptide 
and class I molecules for recognition by CTL ia very simi- 
lar to (he results obtain ad with nonJyilc T cells restricted 
through class II MHC mofecules. Discussion of these ef- 
fects has focused on the MHC molecules themselves and 
the T cell repertoire. Polymorphic MHC molecules may 
bind antigenic peptides wUh a hierarchy Of affinities, end 
individuals may vary in iheirT call repertoires through in- 
herited or acquired diversity In ihalr T cell receptor genes 
(reviewed by Schwartz, 1985: Shevac, l932;Zinkerna9el 
arid Ooberty, 1B7B: Banaoerraf, 197B; Jeme, 1E71). 

We have shown In Figures S and 7 that the peptides rec- 
ognized by class I restricted CTu can associate with the 
Urge! cell surface. 1 1 ia possible, in view of results by Bab- 
bitt et al. (1985), that the peptide 365-380 (1960) may bind 
the D 6 molecule Bath the target cell and the CTL don* 
express the molecule (data not shown). Efficient lysis 
of target certs under conditions where peptide is in contact 
wilh both target cell and CTL dons may bo explained by 
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the resistance of the clone to autolysis. However, ae wo 
have no rneane of detecting peptides on the cell surface 
oft* than by CTL recognition, this Interpretation 
speculative. ^ ^ 

The observation that pretreatlng CTL done F5 v«h pop- 
fids does not enable U to recognize the untreated UD* 
target eel implies 1het peptide 36&V380 (1968) does not 
bind to the T cell receptor in the uttSBnae of an appropriate 
tarsal coll membrane. 

A detailed analysis of the binding characteristics of the 
peptides wa have studied will help to clarify these issues. 

po All Somatic Cells Bearing Class I MotOCiiles 
Present Degraded Vinrt Proteins to CTL? 

Wa have idenCfied thifefi epitopes of the W molecule thai 
can be replaced In vkro tfith synthetic peptides 11 to 16 
amino acids In Wngih, Each Of the epitopes exlete 
between amino acids 335 end 965 of the NP sBquonfiO- 
These results, taken with our previous findings (dee the 
Introduction), raise llw possibility that degradation or 
denetumaonc* NP may take ptooo In the target cell before 
CTL recognition occurs (Tbwnaend et ftl . 1flB5>_ The alter- 
native explenetflcn i* that thla notion of the molecule to ac- 
cessible as a segmental or Sneer epitope in the fold ad 
molecule. The threo-dlrnenaional structure -of NP to not 
evBifetale to judge. Experiments are in progress to com- 
pare native with denatured and degraded NP tor their abll- 
rty to sanslltee target cells for lysis by CTL. In addition, we 
ana raising antibodies to die peptides recognized by CTL. 
These may differentiate between native and degrgoed NP 
on the surface of transacted or virus Infected target cells. 

if degradation of viral proteins is required In a target cell 
prior to CTL recognition, question* arise about whore and 
ho* this might occur. Recent work has shown thai in- 
fluenza specific Ctt rastiltted through rtaaa II molecules 
exist in both mouse and man (Lukacher et aU 19B5; 
Kaplan et al.. 1934). Circumstantial evidence in these ex- 
periments was consistent with a proeeaemg slap by the 
target cell bearing class il molecules. For instanca pre- 
sentation of purified NP by [yrnphoDiastold cell Unas to hu- 
man class ll restricted CTL wee inhibited by chtomqulne 
(Pieteener el al., 19S5). 

Vfe have not been able to detect any effect of chloro* 
qulne on the rficoonmon by class I restricted murine CTL 
(which an? Known to necoanlw peptide 366-360) of vlrjje 
infected or NP transfeeted target cells (Botch, unpub- 
lished work). Initial nasufts with Glass I restricted human 
CTl she** that NP purified from Influenza virus panicles 
ig not capable of sensitizing tympboblaetoid target cella 
for lysla by MG CTL (data not ehown). 

If a proteolytic system doas exist mat le involved in pre* 
senBtion of antigen to class I restricted CTL, It should be 
present in all the cell types capable of being recognized 
by CTL, act on newly synthesized viral proteins, and be 
raststant to the effects of chloroqulne and other agenia 
fraught to inhibit lysosomal degradation of pmtains. 

In conclusion, wo have derfioAErtr$tad that tho opltopos 
of influenza NP recognized by class I restricted CH-on Oie 
surface of their target cells can be defined With short syn- 
thetic peptides- Preliminary evidence suggests maf the 



peptides recognized by CTL can associate with the target 
oeir membrane. The results are consistent with the sug- 
gestion thaidegraflation of NP may be required in the tar- 
flafleea" prior to CTL recognition, All of the phenomena wa 
have described with das* I restricted CTL are ctosaly 
related to well established findings with class II restricted 
T cells. 

Experimental Ptfcedgre* 

J 

murine CTLCJonoo 

ClofiBB P6 andM-1 wore loalated from C57BUB (obtained from OLAC) 
or 106761 (oOtolned from NIMH MM Hit) by ifmalnfl dmrtien ao id- 
B^hsd pravtousiy rjownaend et a!., iSBt 19851* They wett maln- 
latod In *«ra by odmulftOfln nftfr A vfrua WsctDd syngeneic eplew 
eelto In TC6F conditioned medium exactly as deacnT?arf previously 
ftownsand and Bieenan iwj. Fnr some npw\m9*t* *&no F* *w 
maintained with unintetaaa toaaar cells and TCGF connlfianetJ mo- 
dern wnteWng peptide 366-380 f^BH) el a find ooriconiniilon of 10 
pg/ml. Tfifi optimum giwtb-pramrtkig actvky OJ papftte was a&- 
aaaae* by prior titration In thyfflidino EnoarpDHUlon MSB* 

iaau«tlon end Tbatlng et Mumw PaiydAMi ctl 

Tlw method usod woa bttMt OA thai deacrbarf prmnwufy (Meufchafll 

ana Aarorw, iaTB) with v*r\t rnodiileaiioM (UcMinhaal a bi. isbc). 

PttHpheral Wood lymphocytes (PBIJ w*re IneuhaiBd in HPUI 164 D 
medium (Qlbco) m tte abssnce of senm vriUi tnnuenza xai vims tor 
1 hr el mi Petal e*H s*rum wta oddod to B*b and lfto *«K IneubftlOd 
tor' a fcirtfter 7 days. The curiums ware then norvaBied mi r»sus- 
eendAd in RPMI ia«n to*i PCB ft> ucus In me i1 cr idibbm aaany, 

' Targai mDa wer* prepared and chiunAjm labeled bb pravicwdy do- 
«ftppd (MoMMttM end Astanaa, ifiTS; MdMIcJib^ et al., i*QG> ihey 
«ttr^* autologous Epstein Banr wlrus tronfifor rrtsd B lymo^o- 
blQiloha oaM Unas or POL activated tor 3 days irfui pnytohsmBgtf uftiin 
At 2 ug/ml- For thB pepOda exoor|m«i1l9. fnetlusdfi 1 and 2 (fejcrtoed 
for Uw trbuw CTL ouppilmcnti wer» usod. 

^Chfflmiuin noiottnij Msay 

A etami^d pmtM waa uaed (Zwdfirtnlc di aU W77j TbwrtMnd «aJ.. 
1093^ 1B64; McMiChfcoJ aftd A5>wnafl, 1H7Q) »«h tfw feUOMlng niedifica- 
uona fcr tasting peptica*. 
MdtAori 1 

Peptides vara mods up tn HPMl medium containing 10<H PCS ahd 10 
mM Hapea bufisr et pH 7.4 (RPMtftO) al ^ mg/mi- This «ock aoiulton 
wbs then dlulod Irt RPWV10 to feur Hmoa th> lk«> concMMMan re- 
quired in die assay and dispensed In 005 ml aUquos w ttcpertmemal 
syid ov4»l wria 08 wefl rr^rBtluf frays, Ibrgoi culls «tr« har- 
wsestad> raauapended InOJSmt HPMi/tO ooiuatnEng 100 ]iCi nf a Cr % In- 
'mhaled BlS7 B C«ef'90 m)iv.th«rtkVQh4d three Wm99 M 10 ml PBS, ami 
enoa in ftPMUIO. and rowapandad in RPMIrtC Labdnd tvQOt rail* 
(1 ix to* tit 2 x 1C^) In O^a ml RF Ml/10 war* added la round ar Ibi- 
Mnvmad wetls gf W wol rncrothsr traya contoinlng 006 ml tffcaois 
of tpaptldea. Addition^ to Ihte mbaura umn u ft^ow^ id mpdrimanud 
walla. CTL frt 0.1 ml to make up Ure KOBntargol (K.T) radoa shown in 
The figures; to oomrai %»ail*. ai mi of RPMVtD: and to imal release 
wrttlte, 0,1 fflt of 54ft ^itonOC The WORywiS Then partofmBd eS pTfl- 
vkjusry a ascribed. 
Uaieadd 

Targol Ctflft wero narvea&d. WLshod twfco In oenun (tea RPMU Ihon 
reauapariDBd in OA ml serum free rVMi contain ng 100 uCl to Cf and 
p*DpdA al a final «n B enVBtloo of 100 ng/mi tftpprawnitt#iy 90 uM). 
Tna mbcluro was than kicuDaiad lor 90 mln al 3**C, washed lhAjo 
If mas in 10 ml PBS. waenod once In 5 ml RPMtflO, and raau^iartted 
Irf RPMino labeled togei cell© w io* or 2 k 10*) ware then dla. 
'oaniad mo.i mt o&waia m mlnmtiUw iraya. Ttia aaaay man pan- 
Unuorf as pforlouHy ^ascribed. A mUw n^iOlMlIon una md In 
same of (He experimente human CTL. Target oa«a ware labaiaff 
9\W n Cr tor BO mm tha (Ha abasnoo of poptlda, waahad twlca In » 
rum rn» RPMI, wen lesyapandod in 0^ ml serum Iraa RPMt cwiiain- 
tng papllds at 1 00 pgrm! tor 1 or at SFC. Tha WlH ware tn«fl woahsd 
threa times and dtaponaod In NCnWter nays, l ns oaoay was man con- 
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found na previously toothed TnaetotwoWloltms o* method & gave 
Identical results. J ' , 

Percentage ol sp&cWc w Cr release was calculated aa UdM: 



(Raieaaa py CTt - me dium release) 
(2jra Triton relessa - modern release) 



¥ ion 



Ebb* experimental palm was measured In duglleaba asalnei cuadrur 
pTicqte controls to medium ate no, fiponbinsoire "Cr rolean by «f* 
s^l* in medium alone varM between 10% and 17* lor murine carom 
CdIIb and between 15% and 2B% for nwnon target ceUS 1 of ' counts 
rsteaSfld by INftn, 

QoM^toaponoa THratleAs or PftpUdea 

Forihadnse-raspoftae CyrvBS lf> Figure a EL4 (H-2b) tarpat celto ware 
uaed. FaptfdftS were dispensed in roand-bfinprTiBd Bfl wsQ Bln#tlm mj- 
cnnoer ctaies as eeacrfeod above in 046 ml, and a 6&teD of nine oW 
Wng dnutiona mads over a dm rang* o^Umted by trial And emir In 
prtnrfouB experiments, ''Cr-raOeted EL4 celts no*) In OuM ml ware 
addedtD«adi w9Htoawraqbyl3 *c;i0*CTLctafw F$ In o.t mUTho 
B5*ay waathe* p?rforroad so prevtouary fleaafi&Od, The muCta In Fig- 
3 were calcufBCQd If* thB fbQwvfno tray lo rttfrnarraa the Utradora 
fettle Mt Una: 

(ReiflB*B in DfOfiOfce el CU. and peptide - rdgosa by ctl atone) 

— - ' * mo 

&Stt Triton release - nitaaaa by C^L ilDrte) 

Trie spdncanBouB relaasa of BT Cr Ion tergal cods in meproaonoa 
of CTLbUThgpapefdo mtu 1494 of the omnia released byTr*an»W"rthEn 
tha dose r&rtee&stiowi in Figure a none of In* pacrriaa atorwihad in/ 
ifeiaetaDta efleeton the Bpem»r>eotia releoao of *'Cr trom &rnei cans. 

Tha TbyrtildlnB incorporation Assay 

an. done f 5 wag fed tfftti viniG minted cyngeneJo epfeen* ot»e and 

TCGF conditioned medium as pwbuety 46 Scribed flbwrtflond et ftJ.„ 
WS3: ImrflMnd and Skahel, 1984). TVjraQ to tour days later 018 re- 
sporidirid ce4a war* epftt 1:2 and led with Fresh TCOF eerafiTflnod 
medium. This procedure wu repeated every 3 lo 4 days toriflt leasi 
n4 days. By tnla tlrna Via Cn.done Stopped dMdJr«, evenufkoh fed 
*ri(ri fraeh coftditiartad nradlum. Futhar 00P (Ms'iOri was POacluI^fy 
anilgem dependent. 

PepOdfl diluUons were prapared from a Hock aaiutlm ol 4 mBrrni in 
FtPMl/ID lhat haJ be«n fittar atarHp^d. Dinned flepUdaa or madlum 
olww were then clspanaed In OQB mr tripllaile afrquorg 10 w»ia of 
raitad-faoitemBff D6 well stsriln mfcrotfter ptatw. lb tnasa> eHouols w&a 
edded da nil nfMT/10 wmaining iw dora Pfi csIId; S » '10 s , unliw 
leetad nr E&1-13-H17 MfMtsd. 2000 reef Irrediatad eynganglcflDtean 
uiktt&nd aa& mi of a Con A eumuiafad rat opleen coa lueaTnattfa 
nownsand and SkafiAf r lead). Trie cultures wera Incubated 3 daye 
al 37^2 in sofa co, and puteatf irith l lid of 3 M thymldho tof B hr; the 
cofls were men harvested on a Trier rek 55Q cad narmtsr. The »H 
IhymldJpo bicerpondta by »m CTL ctae +ai meaauf ed by actntfna- 
fion counting. Trfnleate WBllg wsroaet up lor aach peptlda dlknlon, end 
tto mean artd standard error et tha maan ware taiDuLacod'fcy eaoh 
poim. 

PaptfclB Synviasfa . , ; ; 

Soma pepUdfls In Tabid a <iae tooinoie*) wore 9ynth*slwii manually 
by Mem-riaid* santf-phaae msthod (MerrlHeld, 1S63) uatrtg r Boc" 
suftafely prol^olad amino acta nntf jina apprbpHaioiy deftaazaa 
amino acid resin (Sfgnta). N.N'^ydoha^liart)Odaniida (DCC1 iwos 
used ai lh* coupling ae^nL The peptide hob craavad off tho naM Uh 
rrydroflart bromide nnd trinuoroacefiplBcM, man rJB3bl|a0'Dn j315 
Saph&dax wim 50% acetic add. When ttrjlnlna and eyaaWpe were 
praaanldlopepfldOB wapi furthorcreprotanod In BriM and Hquld Wn- 
monb. Inn desalted. The crude freeze dried metortal was analyzed 
on a fleekRiBft 121B anH4a a£(4 araiytaf, ud by high preasure Jlqdld 
ctwomntBgraphy (HPLp). I 
The ramaWng peptide* in Itebla 3 warn ay nthfialzad by aoRd phbse 



tacflniquea on an Appfiad eioaystem: 
430A. CfiRvnerdaty avaliafafo amJno ' 
restna ana r Bac~ suitably protected 



| peptide tnmVMsnBBi; modBi 
Odd phairylOi^BOarYJdsfiumyi 
omlna aoida wara used.; Ah 



<**q*i"flSTO3 oaf rormed using a ZS maler bmcqk 01 r 60a amino 
add mi)) DCC over tfta number ofrriiinequ^ailBn&joiarnina Bfidooino 
reeki. m the oass of Aen and GU> molar ea»fi$oftheamVuae»d, 
DCCi and N^vdroKyMaiara was uaetf, Tfta poptldoo wera DaproiEB^d 
ar>d removed Irani die resfh fitmufianeoosiy by trBorateni wi)h aruv 
droos rrydre&en fluDrtoa \n, iha prsaanca or onltolo. dimathyl eutRda. 
and lndota.Tho p«frfA30Wdm W porelsdfiD«tr* varJm organic tide 
pnooMCU py aidractlop «Uh eitier andj feolBied Iran IA« roatn by am* 
Don aim 5% acadc acid end auDeaojUOni lyDphKnrtiorL Tno oqrajy ol 
the crude prodgBI waa tfeiorYninad try KpLC on a C-1S rovers [Q ihm 
column. Ad the papUdea symheslxed by thta method conjaned > &0% 
Of (ha dostod product 

InAuaaza Virus Gtrame 

The rocomDfnBm A viruses 5ai (Baa%eraU uso) and Efit-^fi7<Lu. 
beck at aL, 1979. where in* virus lg rejarrad TO aa recombkiam S3: 
R Faieao. paraanai oflrmnLirricBtlon) daKar only in (he orfff'n of innrr 
eanea tor rmcteoprolBin. Efii»mi1T eonurna ihe 1B68 NP gene from 
AmKJ&BBi and X3i contahta ihe 1394 NP Qdne fmm a/PR/S/34. Vlnia 
was vawn in tfta adamele aaefct of 11 day old embryonaied cWekan 
eggs, and sbarod da lnfec|lou6 citanftlo third Ql -Wt 

Muman Dlaod fionoia 

AJl dOAo» ware heanny %fi[unteBrs> EG and LQ wara daughters of MQ 
and FG. JU. NR. PC. and BE word wraimed; HLA typsa wera dates* 
rrtWd by iha etandard leomjouB of tha National instilutes ol Haajrh, 

mnibuion of Humia CTL wiih ifonocu?nai Aolloodiai 

Tha m()nociartsl antfaadiaa used ware ag loJknusi UCHTl. ar4CDX a 
Will from Dr. R C L* 7eveilayi Univarsiry CotloQa, Uinoon; |)im>LBU 3a, 
oa^CIM. agm from Dr. R Evans, frlerrrartal StoarM^naring tnstitiitfi 
Now WW 0841, flfO'CDa, a gfl (mm tv. & bfawae. Centre <rtr^ 
munofoaro. MarselKe; SGm, ann-HLA ctass 1, a gift from 0l S. 
Goyen, Hooprtsl for Joint Pfeaaaea, New tbrk: pasjb BAtl44LA daas 
I, a gift from Dr. P. Pedum, Stanford Unr¥srsS^ MHU5 ant>HLA B and 
C; and MHM24 anlRFA-1a chain. Anflbodlaa ware added to the mix- 
lure of VMer and lareet eolla at tho Inrdadon at |S© chrommm retaasg 
assay to a ooncentnuton of U2TJ0 aecitas. This was datBmikMd to oe 
in BXeabB of tho oonoarrrration raqulrod 10 aaturua ek ine antiganto 
olloa of the ceUe In the assay 

Aefcnow ludgmervta 

The sithors Ihantc a firyen tor aecretajlaj help and (ha MRC ol G»a1 
Britain nr support, 

Tha costs of pufaDcajlon ol ihla artldd ware defrayed In pan by tfta 
pbymenl of poog chargoa, This article mUBJ tharabare ba hereby 
RIBikBd "fldVortJ^menr In accordancB with IB ULSuCL Soiqiofi 1734 
eeVf to Jntfrcote <h« rso. 
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^ ^ ' 1 * tj^^. Vimis Cytotoxic T Cell 
- ^ Prlln" • M. a KuHW C. A. J-*' 



Summary j . . Jfa.^ vaccine to the ubiquitous EpStein-Barr 

There » considerable ^. to r *«^2SS?r lymphocytes (CTLs) in ehrn = 
virus (EBV). An important role For ^^f ^dte using J sm all number of immune donor, 
-Tfectcd cells is wcU established. Limited Studies usm g provides an 

ESKW" epitope W Uhin th^atent JgJ^ EBV-encoded pn-n, 

« Kns ive analysis of the distribution of class "gj^ anri £ s (Epstrin-Barr nuclear antigen 

VJ™ AiV •? 3A 3B. 3C, LP. a«d LMP 1), ™r hsvc successmuy epitopes locabzea. 

EBv£ ^ 

recombinants encoding EBNA 3A and JNAK .were B w « c localized ,n EBNA 

«het vaccinia recombinants used m this study. n0 { £ BV ^ ci fi c CTL clones could not cc 
s^Ukity tor a lar g « ^umbe «£BB of the latent «dgj« 

,ocal£d. although vaccinia »*?^£^S£w 'on CTL epitopes design ed to p»» « 
of EBV. These results suggest hat any EBV v»™* . sequences but also other region, 

Ration of latent antigens can be reversed. 



prot ec ri ve torn unity ; viral ^ - jfS^ 
r opment ol memory T cell > tta v B afumza 
in association with class I MHC. "'J**?^ CD8 V CTLs . 
virus first highlighted the fP orll °\ ™ n °H e forn J of short 
which recognize ^^S^ ^^^ 
peptides (1)- Since i. is well « ^ ^ ^ cffid ^ t CTL 
with whole viral proteins "Enable toeu ^ 
response, intent h« been ^^"^^^^ the 
bid on defined TJ&SS**]** «T 

case %vith oncogenic viruses, since m ..^tfoi t0 in - 
educed in recombinant -^ ^5 deter- 
riate tumorigenic processes. Thus. .« s unp . s 

m ine the distribution of these ^"°PJ S ™ m , ^ificant 
and the ^^^^^^f^ s „? assoria- 
cohort of immune donors , P'f " ^^^tential to- 
rion with MHC class I alleles. Because ot P» 



one to EBV, □ nerpes vixi" ,r • these HJV-encoiU . 

there is considerable interest m defining these 
molecules recognized by CTLs. . a^nuclee,-. 
EBV is the etiological agent of homa [B L 

(1M)' >nd is associated ^.g^"^^ in in- 
Usopharyngeal T? noma (NPC) wide ,. 
m unc^ornprorn 1S ed mdividuah (3) Tv 

suggests an association with Hoag^n y v 



mononuclear- 
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types of EBV (1 and 2. also referred to as A andB) are recog- 
«iLd that show DNA«quen«div«^^thmieB-W 
V/YH and E regions of the genome (5-7). .hi vitro, the 
transforms hurrVan B ecus into lympbob astoid jdl ta« 
(LCLs). which express a limited number of viral gene prod 
U LludingVfamily of ^Pf™*"', nude^ antigens 
(EBNA): 1, 2. 3A, 3B, and 3C. leader proton (EBNA LP), 
UtLt membrane protein, (LMP 1 and 2). and texrmnaL pro- 
reins (TP 1 and 2) (5). An alternative nomenclature also in 
c^JTusc dcdgnatci the EBNA family as EBNA 1. U 
4 and 6 and EBNA-5/LP (4, 5). In contrast, latent antigen 
.™ritn"n BL and NPC is restricted to EBNA 1 (in some 
instances LMP li also expressed in NPC) (»)- . 

in all previously infected individuals, the virus persists for . 
life as alatent infection in B cells and is apparently restrain"* 
by a population of EBV-spedfic CTLs (9, 1ft). This CTL re- 
sponse is a classic virus-specific response (CDB class I re- 
stricted) (10), though CD4 class II-restricted cells have also 
been described (9). The key observation in defining the first 
peptide epitope recognized by EBV-speciEcjCTLs was that 
in certain donors it was possible to exploit the allelic poly- 
morphism in the EBNA proteins b«ween type ladwe 
2 EBV by isolating type 1-specihc CTL clones (11). These 
clones provided an opportunity to screen selected EBNA pep- 
tides for reactivity on ivpe 2 transfer mams.' This led to the 
definition of an EBV-specific CTL epitope that was present 
on type 1 but not type 2 transformants (12). A second epi- 
tope, derived from EBNA 3C and present on both type 1 
and type 2 transformants, has also been described (13). While 
this approach was vcrv successful in defining a limited number 
of CTL epitopes, their overall distribution rwiihin EBV la- 
tent antigens was largely undetermined. 

Two recent technical advances from our Uborator.es have 
facilitated this study. First, the construction; of recombinant 
vaccinia capable of expressing individual EBV latent antigens 
and second, the establishment of an EBV-negative host cell 
(anti-li B cell blasts) for these recombinant vaccinia (14, 15). 
In the present report, we have localized EBV CTL epitopes 
recognized by multiple CTL clones from a panel of immune 
donors to generate the first comprehensive analysis of the dis- 
tribution of CTL epitopes within the EBVj latent antigens. 
This approach was combined with peptide epitope mapping, 
which permitted the identification of a number of new CTL 
epitopes. Moreover, since EBV infection is, associated with 
BL and NPC, another important objective if this study was 
to determine whether any CTL epitopes arcflocalizcd within 
EBNA 1 and/or LMP. i 



Materials and Methods j 

miatiishmmtanil^iiav^vfEBVimnsfvrmti.CS Uw. LCLs 
were established from a panel of healthy EBV-seroposuivc donors 
listed in Table 1 by exogenous virus transformation of peripheral 
B cells using type 1 (B95.3 and IARC-BL74) " Vpe 2 {Ag8/6) 
EBV isolates (U), and were routinely maintained in RPM1 lb-"J 
containing 2 mM glutamine, 100 lU/ml penicillin, and 100 fig/ml 
streptomycin plus 10% FCS (growth medium).. LCL* were desig- 



nated with the donors initial followed by the ""*>"W"™ 
source fe-g.. LC/B9S.8 designates B lymphocyte* from donor LC 
transformed with virus from the B95.8 cell line). 

Gentmi™ ofAmi-f. B Cefl Blasts. Unfractionated mononuclear 
(UM) cells were separated on Heoll/Paque (Pharmaoa UppsaU. 
Sweden) and depleted of T celb using E-roseicing (16). The en- 
riched B lymphocytes were cultured m growth rne&urc * 
anti-IeM (u chain specific) coupled to acrylamide beads (Bie-Rad 
Sbo^riel WchS. CA), human tlL-4 (50 U/ml; Genzyme, 
Boston, MA), and highly purified human rIL-2 from ErcAer.cU 
foi 20U0 U/ml) (17 S I8). W 48-71 

penned in growth medium supplemented with r L-2 fOfMnfr 
The B cells continue to divide two to three nmes/wk for 3 wk 
in the presence of rlL-2. These cells are referred to as anc^ B cell 

Cranio Vims Recombinants. Recombinant vaccinia constructs 
for different EBNA genes have been previously described (14, IS. 
19). AH EBV sequences were derived from the B95.8 strain of virus. 
The EBNA 3A sequence was derwd from the eDNA Clone TZ16 
(7). which consists of the S' portion of the EBNA ^coding se- 
quence, crossing the splice site and extending to the EeoR site 
located at position 93166. This plasmid was digested with Pstl and 
collapsed onto itself to remove 5' noncoding sequences. The resulting 
plasmid, T216P, was opened at the EcoRI site and hgated to the 
genomic EcoK fragment derived from plasmid PMH36 gating 
Ae intact fiill-length EBNA 3A coding sequence. The EBNA 3A 
coding region was excised with Pstl and EcoRV and hgattd to Psdl 
at the Smal site. The EBNA 3B was derived from thecDNA done 
PMLPI7 The portion of the open reading frame crossing the splice 
junction was excised with Spcl and Xbal and inserted into Spel- 
digested pBluescript. The resulting plasmid was digested with Spel 
and EcoRI and ligatei to a 440-bp genomic fragment BtttnEcoRI 
(95243) to Spel (95683). The resulting plasnnd (pBS:E3B) was 
digested with EcoRI and Xbal to release full-length coding region 
of EBNA 3B and figared to the Smal site of PSC11. 

All constructs had the potential to encode the relevant full-length 
EBV protein except for EBNA 2 deletion mutants. The diagram- 
matic representation of EBNA 2 deletion mutants is shown in Fig- 
1 All constructs utilize the authentic start and stop codons. All 
constructs are under the control of vaccinia f™" 5 ^' 
except EBNA 1, which has been described elsewhere (19). A vac- 
doia virus construct made from insertion of the pSCU vector alone 
and negative for thymidine kinase (Vace.TK~) was used as contro K 
Smi* of CmtmOm ■>/ EBtoptctfie CTL Ovm. Ui M edb 
ttOVmh from each donor were cultivated with irradiated (8.0W 
rad) autologous type 1 (B95.8) LCI. ^^"^^Jf? 
of 200:1) in 2-ml culture wells (Linbro Chemical Co Hamden. 
CT) for 3 d in growth medium. In the case of donors LC and IM, 
CTL clones were also established after stimulapon with BL74- 
transformed autologous LCLs. CTL clones generated by seeding 
in 0.35% agarose were established from these donors and main- 
tained as described earlier (9, 11). Colonies were harvested after 
3 J and iiupElnl in cullu.c will. bi*«kly restimulation with rIL-2 

" VwS^Awyv, LCU CTL clones from each donor w e « 
screened in a standard 5-h «Cr release assay (« an ^oof 
5:1 or 10:1) for specific reactivity against autologous typ« i | and 
2 and allogeneic type 1 LCLs a. p^iou^imW ^ CI™b 
were desisted as being EBV-specific on the has,, of recogmnon 
of the autologous type 1 LCL and lack of recog muon of MHC- 
unndated LCLs and autologous anti-M B cell blasts and/or PHA 
blasts. 
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CyfCioxkUy Assay or, RetomH^H Vcuiuu, «*»^^*^ 
^LioL. viruses at a multiplicity of infection (M.O.I.) of 10.1 tor 

Are* rimes, and used » M to 5"^^ ^iT * " Tt 

M described sbovt The effector «lh were added to the assay" 
E/T ratio, between 5:1 and 10:1. To confirm ^*^™fJW 
«dge» in anti-/i B cell Uho and/or ICL, after ™ 
Snfecrion. L infected edb were also pressed for .mmuno- 
Hotting and immunofluorescence (14). 

e£h donor, a series of peptide &o« EBNA or LMI- 
thesiwd (10-15 amino acids) (20) based on the knWn ^^ 
of the B95.8 strain ofEBV. Peptides sd=«ed were prunwdy b *ed 
on the result, of recombinant vaccinia CTL ays and 
corresponded to predicted algorithms (21. 22). Peptides were di,. 
2n RPM. 1640 and <HscnW into ^^J™^ 
, ion plates (200 tig/ml, 20 ^1/well) and frozen at -70 C unt. 
LoirU "Cr-labeLd anri-M B cell blasts ™*W » f* ™ 
(2 x lOVml, 50 fd/knl) and farcfert at 37»C After 1 . h. 130 
il of cloned autologous CTLs wc added to the ^"-"J"™* 
(final E/T ratio » iudlcaced). and the assay was conducted as de- 

SCfibrd aViovc. 



Results 

Lnalizano* of EBVCTL Epitopes irtEBVimmiw A 
xotal of 362 clones were isolated from a panel of 14 healthy 
EBVnmmune donors after stimulation with irradiated autol- 
ogous B95.3- or BL74-transfcrmed LCLs. Of these, 212 were 
EBV-spcdfic CTLs. The proportion of these specific CTL 
clones from each donor varied from 100% (17/17 for donor 
DM) to as low as 16% (8/51 for donor AS) (Tabic 2). 

To define the antigen specificity of the 212 EBV-specjtlc 
CTL clones, autologous anri-/x B cell blasts or type 2 LCLs 
were infected with recombinant vaccinia expressing individual 
EBV latent antigens (and VaccTK") and used as targets m 
a siQr release assay. The reactivity of five EBV-specinc clones 
from one of the 14 donors (DD) U illustrated in Rg- - 2, md 
demonstrates that two of these clones recognize^ ^EBN * 
3A (CTLS and CTL13), two recognize VaccXPMl (^ L J> 
and CTL10). while the antigen spccindiy of one clone V^f ) 
was not defined by the panel of vaccinia constructs. Table 



Table 1. HLA Anngen (Class I) Type of the EB^-immune 
Donors Included in this Study ^ 



HLA typing 



LC 

IM 

DM 

CM 

PM 

AS 

NB 

DD 

LX 

LL 

CS 

SJ 

JA 

J$ 



Al. B8. B18 
Al, AH* B8 f B51 
A24, A29, B44, B47 
All. A24. B7. B44 
All, A29. B7, B44 
A2, A24, B51, B62 
A2. A24, B7. B35 
Al, A3, B8, B40 
A24, BlS f B38 
A2, B7. B44 
A2, A23, B35 r B44 
A2. A3, B7, B44 
A2, All, B7, B15 
Al, A2. B8, B5t 



2 presents a summary of the EBNA/LMF 

streets recognized by CTL clones to of 

All vacdnia constructs except VaccEBNA 1 and VacC-EBNA 

3B were recognized by EBV-spcdfic 

it should be emphasized that recognition of Vacr^EBN A 3B-m- 
fected anti-* B cell blasts by EBV-specific CTL clones was 
assessed in onlv five donors (Table 2). A dominant response 
through a single vacdnia construct was <? bse 7 d v ^ h F i 0 ^f 
donors (DM, CM, and CS recognized primarily Vacc. EBNA 
3C) (Table 2). An important feature of these results was that 
the majority (145/212) of EBV specific clones failed to cog- 
nize any of the latent antigens encoded by vacdnia constructs 
fTablc 2). This was particularly evident in the case of donors 
PM and J A, where none of the clones recognized cells in- 
fected with any of the vacdnia constructs. 

MHC Chss I Rniricrton of Vaccinia-localized CTL Epi- 
topes. Of the 212 EBV-sperific CTL clones i^tigated m 
the present study, 20 distinct epitope* were localized using 
vaccinia constructs. CTL clones specific tor seven or these 
epitopes were type 1 specific while denes specific for nine 



300 



LOQO 



I BOO 



V*ic>lBNA2 



VVcl-.HB 
Vaec.1313 
V*ctSt 



Figure 1- Diagrammatic rcpresMitanon of B95-8 
EBNA 2 sequence and of vaccinia consirucr.5 encoding 
EBNA 2 and iu dclction mutants. The construct <ne»*ng 

full-lenerii EBNA 2 is designated (■), whiw 
rrjncns ddctcd from EBNA 2 air doignaced (□). Dc- 
Vih for the: picpwaiion of lh«e mutants bas fertn pub- 
lished cailitf (15). Each recombinant vkcitkA had the ca- 
pacity co encode trundttd EBNA 2 proiciru wuK ihe 
SlTeimg amino -d residue, .dcUr.d.Vaoc.HB has ammo 
add re»d"« deleted: VaccBB l»s amino jfid 

rc*idii« 131-327 del«cd: VaccSt l»i ^™j ,Hd *™P!! 
203-237 deleted; Vacc.Sp h« ^ina acid residues 
deleted; and Vacc.PP has amino «id fcstdu« 
deleted. 
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~ ; ~ " \f — Vaoc. Vacc. Va 





No. of 


EBV 


I>onar 


clones 


specific do 


LC 


47 


44 


1M 


26 


15 


DM 


17 


17 


CM 


29 


19 


PM 


25 


17 


AS 


51 


S 


NB 


42 


8 


DD 


21 


17 


LX 


14 


5 


LL- 


19 


16- 


CS 


15 


12 


SJ 


24 


19 


JA 


12 


4 


JS 


20 


11 


Total 


362 


212 



VaC c Voce. Vacc. Vacc 

EBNA 1 EBNA 2* EBNA 3A ESNA 3B 



Vaoc. 
EBNA 3C 



Vacc. Vice. 
EBNA LP LMP 1 



r 



2 
9 



7 
4 



22 



NTI 
NT 
NT 
NT 
NT 



NT 
NT 
NT 
NT 



12 
6 



3 
1 
3 



2 
4 



24 



j 

' Total number of clones tested ti "7; ^ Jon „ ^heed f r0 m each individual donor. roKTi 

I No clones reactive to v 3 ccin» construct. ■ 
1 Not ccs Led. 



Other epitopes recognized both type 1 and! type 2 transfor- 
ms The rype specificity of four epitopes ; was undefined 
(Table 3), The HLA restriction of the specific epitopes was 
determined by comparing the lysis of autologous LC L S and 
allogeneic LCLs sharing one or more alleles (Table 3)- CIL 




S 39 

Fimire 2. Specific lysis by EBV-specific CTL clones (CTL5- B, 9. 10. 

1 2 3A.3B,3CIAU4M,*ndTK-.iiita^ 

And-M B «U blasts ^ere infected far 12-14 H (M-O.l . 

cansiructs and processed for standard >"C< release assay. ^TK^ 

used as a control recombinant ^cinii- R«ults «clexpreS**d as wre«« 

specific lysis ob5«wd in a itandard 5-h chromium-release assay. An t/ 1 

rario of 5:1 was used throughout the a«ay- j 



clones restricted through eight different alleles W«e observed 
while the restricting alleles for nve EBV CTL epitopes were 
undetermined (Table 3)." An important f «^°™^ S ^" 
was chat different clones restricted through HLA «A 
B40 B8 T and B5l each recognized epitopes included m two 
different latent antigens (Table 3). This observation implies 
that a single allele can present two distinct EBV CTL epitopes. 

More precise localization of CTL epitopes within EBNA 
2 was fcciliwted by the availability of deletion mutants en- 
coding truncated EBNA 2 proteins. In all, nine EBNA 
2-spednc CTL clones restricted through three differ ent al* 
leles (HLA A2, B18. and B7) were isolated (Table 3). 1 ne 
A2-rcstricted clones from donors JS and NB recognized four 
deletion mutants (VaccBB. VaccSt, VaccJPP and VaccSp) with 
a level of lysis comparable with VaCcEBNA 2. It, contrast, 
the VaccHB mutant, which had a deletion affecting the 
NH 3 terminus of EBNA 2 protein (Fig- 1), was not recog- 
nized by these clones. Data from one such A2-it»mcted C 1 L 
clone from donor NB is shown in Fig. 3 a- In contrast the 
HLA BlfcWestrictcd EBNA 2-specihe CTL clones from 
donor LC), failed to recognize VaccSp and VaccBB deletion 
mutants, which had overlapping deletions for ammo adds 
251-327 of EBNA 2 protein (Figs. 1 and 3 b). 

Based on the results obtained from the vaccinia experiments, 
EBV peptides from respective EBNA/LMP 1 regions were 
screened for their ability to sensitize autologous anti-jt B cell 
blasts for EBV-spccinc CTL lysis. In some instances, this in- 
volved the selection of 15-20-racr peptides from individual 
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Table 3- *«— 7 •/ * '/ ""9 C6uS 

Rffomiinonr Kdfrfniu ^ I _ " 



Epitopes wii 



thin EBV Latent Antigen* Ucalized 



EBV aniigcn 
recognized 



HLA 
restriction 



EBNA 2 
EBNA 2 
EBNA 2 
EBNA 3A 
EBNA 3A 
EBNA 3A 
EBNA 3A 
EBNA 3A 
EBNA 3A 
EBNA 3 A 
EBNA 3C 
EBNA 3C 
EBNA 3C 
EBNA LP 
LMP 1 
LMP \ 
LMP 1 
LMP 1 
LMP I 
LMP 1 



HLA A2 
HLA B18 
HLA B7 
HLA B8 
HLA B7 

HLA All or A24 
HLA B51 
Undefined 
HLA 40 

Undefined 

HLA A24 or B44 

HLA B44 

Undefined 

Undefined 

HLA A2 

HLA B51 

HLA B40 
HLA A24 
Undefined 
HLA B8 



Peptide epitope 



EBV type 
specificity 



Donor(s) 



DTPLIFLT1F" 
PRSPTVFYNIPPMPL^ 

Undefined 

R.RGRAYGLS 

Undefined 

Undefined 

Undefined 

Undefined 

Undefined 

Undefined 

RGIKEHV1QNAFRKA' 
EENLLDFVRF* 
Undefined 
Undefined 
Undefined 
. Undefined 

Undefined 

Undefined 

Undefined 

Undefined 



Type 1 
Type 1 
Type 1 
Type 1 
Type 1 
Type 1 
Type 1 
ND 
ND 
Type I 
Type 1 
Type \ 
Type 1 
Type 1 
Type 1 
Type 1 
ND 
Type t 
Type 1 
ND 



JS and NB 
LC 

and 2 . NB 

LC and 1M 
and 2 NB and SJ 

CM 
AS 
LX 
DD 

and 2 LL 

CM and DM 
and 2 DM, CM, CS, and LL 

and 2 C5 
M d 2 NB and LL 

and 2 LL and NB 

and 2 AS 
DD 

and 2 AS 
LC 
DD 



" Reference 23. 
I This study. 
S Reference 12. 
(1 Reference 13. 



but antigens that corresponded to f j£ 

U-22). However, » defi ™3„ £ S 
were selected cHat corresponded to tne 

Of the 20 di^ct ClJJJgJ 
b dus «udy. five were *fi-«*-^igfgt^™^ 
Other IS remained undehncd (Tab e 3) Ot UKS -T w 

S£ SIS L define tnbe ^ epitopes 

O^ht SYlS-specinc done. £ 
2£d *Ut W HLA A24 or B44 W 
tide RGKEHVIQN AFRKA (residue number 332-346) (»*• 
4, a and if). 



Discussion 1 _ 

There is convincing evidence that EBV - P= c g 
TcdlTare responsible For controlling the level of EBV-posiave 



B lymphocytes, ^.^^t^^^ 

f0t rS-KpS nS«y T cell 

support tor en* *M" enc r h in ^s-infected 
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^ 301 -DOS ] 



332-335 



1D-2I ^ 
77-01 ■ 
1M-121 

335 -s« ^ 

EBB-312 
H4-65B ^ 



S3 40 

S Specific lysis 



50 



30 40 30 

« Specific lysis 



ewytag EBNA 2 J*M« 0^™- ?• / % on the 
^no^^om^hr.Tambm.m ««£b. ,« legend x» * B . 1- 



tops within viral-encoded proteins. Using ^ bi ™' 

r • j« 15 AV Intent antigens, we nave 



successfully locked target epitopes recogWd by CTL clones 
from a panel of EBV-immuoe donors. 

The location of CTL epitope, witho* the seven ib™ » 
tigens. for which vacrinia construct wcrt : ««UU* .was « 

w«clo^ized in EBNA 1 and fNA 3R S^ncc - 
tne present study. VaccEBNA 3B w» «rt "^""^ 
reactivity of CTL don« from nine ion°«, it is not pos 

colons *«* 4 « jjax 

tones in this protein. The iroraunodoidmance of the EDNA 
3 Snfly o&cins » a source of EffJ CTL epitope, 
• A5« «Jlv usin? EBV.jpeeific CTL clones has been 
S-faJta » S stud/using polyclonal EBV-spcofic 
?3btt«. In »B. 20 distinct CTL £e«rk*» ««ncted 

Interestingly, HLA AZ, **. 'Vr ™* nT iM derived 

each shown to present cwo distinct GTL epitopes denvea 



174 



EB\ 



W, different latent antigens. The ability of single MHC 
"sS^, the^pecificityof.largc number ofEBV-spedfic 

Scttcontd not be defined. A possible ocpla^xon for ^ 
"Tisto the undefined epitopes arc located withm EBV 

5t xt,CK a^auablc for this study; for example, termina pro- 
STfTP 1 «d TP 2), LMP 2, or as yet umdrf ta 
anrigL Alternatively, anxigens associated ™* 
tLlPctt ve cyde could also include CTL epitopes. These an 
tiSare Xted in only a small proportion of latently in- 
23 3. Hf conventional technique. However, 

as targets for EBV-spec4fic rceogt.it.on ^^f^^, 

number of CTL epitopes ate located within the EBNA 
proteins. 



CTL EpitopH Recced W Hwni» CTL Cl 0 a« 
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There are two important implications for the overall bi- 
ology of EBV if subsequent studies connrrn that fcJJNA i 
does not include CTL epitope Firsi. the ability of BL cells 
(which express only EBN A 1) to proliferate in vivo, in spite 
of a typically normal EBV-speciftc CTL respond (28). * con- 
sistent with the observation that there are no CTL epitopes 
within EBN A L In vitro studies h*v£ indicated that BL cells 
are much less susceptible to EBV-specific CTL lysis thanlCLs 
from the same donor (29). Down-rtgubtion .of HLA class 
I alleles (30) and adhesion molecules (e-g., LFA^l and -3, and 
ICAM-1) (31) have been implicated as possible mechanisms 
for this resistance of BL cells to lysisJ However, recent obser- 
vations from this laboratory using) peptide epitopes trom 
EBNA2 3A and 3C have demonstrated chat downregula- 
cion of latent antigen expression is the most critical factor 
in Che nonrecognition of BL cells (Khanna ct aL manuscript 

in preparation). ™ma i w« 

The lack of detectable CTL cpUcjpe* within EBN A 1 has 
a second important implication in regard to the persistence 
of EBV in peripheral B cells- A mofc\ for che persistence of 
EBV in B cells has recently been proposed. A feature ot this 
model is the existence of a long-livedL non-rcphcacmg, EBN A 
^expressing B cell (32). The obseryatioos from the present 
study provide a mechanism by which these cells can mam- 
tain a nonimmunogenic phenotype by not expressing the cnt- 
ical latent proteins needed for CTL recognition. 

Of the 20 CTL epitopes localized by rccombmanr vaccinia, 
Eve were defined at the peptide 4^;^_ ad L di ™ n * ^£ 
previously published epitopes (12, 13 
we have defined two new epitopes, 



, 23), in the present study 
one in EBNA 2 and one 



wc nave wii'icu. lw« »» — » f 

in EBNA 3C. Although CTL clones specific for nine epi- 



topes recognized both type 1 and type 2 transformams^a 
significant number of epitopes (7/16 epitopes for which EBV 
type was determined) were specific for type 1 EBV. Since we 
have recently shown that the majority of single amino acid 
substitutions within CTL epitopes result in loss of recogni- 
tion (33), the common isolation of type 1-speafic CTL clones 
is not unexpected when the degree of latent antigen sequence 
variation between the two types is compared (7). 

The present study has important implications for any fu- 
ture EBV vaccine designed to control IM or EBV-associatcd 
tumors- First, CTL epitopes from a spectrum of individuals 
are distributed throughout most of the latent proteins. Second. 
>60% of the CTL epitopes are located in regions outside 
the EBNA/LMP 1 proteins. Both of these considerations sug- 
gest that any EBV vaccine based on CTL epitopes designed 
to provide widespread protection will need to include not 
only EBNA and LMP sequences but ah>0 other regions of 
the genome expressed during b«i« Infection. However, since 
CTLs from the majority of donors recognized EBNA 3A 
and EBNA 3C as target antigens, incorporation of epitopes 
derived from these proteins into a vaccine may protect che 
majority of susceptible individuals from 1M. The inability 
of human CTLs to recognize EBNA 1 as a target antigen, 
often the only latent antigen expressed in BL and NPC, sug- 
gests that CTL control of these cumors will not be feasible 
unless the downfegulation of latent antigens can be reversed . 
The localization of CTL epitopes within LMP, however, raises 
the possibility of controlling EBV-associated tumors with 
normal LMP expression (Hodgkin's lymphoma and some 
NPC) by boosting the CTL response to this antigen. 
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I. INTRODUCTION 

Epsccin-Barr virus (EBV) is encoded by a linear, double-stranded DMA 
«nomc of 172 kb that includes almost 100 identified open ^chng fa» 
(Baer 2., 1984). The virus mauitain* a lifelong U*nt r 00 ™^ 

ymphocyi « (Yao <t «/., 1985) and a P-f^rK^^wInt 
epirUum in the oropharynx (Lemon ei al 1977 s S.xbey ^ ^84). The 
nature of these latent proteins has been studied extecisivelyby ^* n f™ 
unique capacity of EBV to immortalize human B lymphocytes in vrtro (Pope 
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• n MPi =,nd LMP2A and -2B). Under certain conditions, LCLs may 
^TJ^:^^ wici virus replication (Sindair and Parrel., 

1 Twn maior subtypes of EBV have been identified, A type and B type (also 
Tw»m.|Of i J«n«' (Adtdinger et *L, 1985; Bornkaram et al.. 

?^ ( SSA BBNA3 BBNA4 -d EBNA6 o 
A-rypr EBV differ In amino add sequence fam i the B -type byl6-^% 
foTmbauEb « *984; Adldinger H *L, 1985; Sample and I Kicff, 1990). 
Tte fekSkri relevance of these two EBV types has not yet ^ 
but i^S well established that A-type EBV can be preferential y «oUted from 
the «rfo7tU saliva of 50% of healthy EBV-seroposkive mdrv.duals (Sixbey 
STSw - B-tvpe virus .ends to tad^ c U„ lca 
condirions associated with immunosuppression (S.xbey a al., 1989, icuHey 
^1990; Wing * 1992; Kyaw «r «/ 1992J It » not clear ^ *« 
Lge the extent ro which this disparity in isolation between 
ryrS is a reflection of the poorer growth-transformiDg capacity of B-cype 
EBV (Wckinson rt al., 1987) making it more difficult to detect th,s ™ 
This review will first consider EBV host-virus relationships and then 
procecd-tc discos immune control of EBV infection. These topes will pro- 
Side a backdrop for an examination of the issues of vaccne development and 
immunotherapy. 



II. HOST-VIRUis RELATIONSHIPS 

Latently infected B lymphocytes express only a relatively small number of 
viral proteins, whereas a wide range of viral genes are expressed .n cells 
undergoing virus replication. It is possible co characterize three distinct 
forms of EBV latency (latency 1, latency H, and latency 111) that ate distin- 
guished on the ba*s of expression of EBV latent genes and P"™<»» °»8 e 
?Hudson etai. (1915; Sample et al, 19B6, 1991; Rowe^ 1986, 1987, 
199J- Kerr ex al., 1992). These latency patterns or programs term a conve- 
nient means of classifying EBV-associated diseases (Table I) and are the basis 
for vaccine develoRment- 
t 

A. Latency I Program 

Latency I is characterized by the expression of a single EBV protein 
EBNA1 (Rowc et aL, 1987), together with a high copy number of small 
^polWd^ylated transcripts, EBER1 and EBER2 (Rymo, 1979; Howe 
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and Shu, 1989), anil the use of the Fp promoter, which allows selective 
expression of EEN A 3 (Sample etaL, 1986, 1991). EBNA1 is a DNA-binding 
protein essential for paintenaoce of the EBV copy Dumber during eel! divi- 
sion (Yates el ff/., 19tj4; Sample er aL 1992), The classic features of latency I 
are exhibited in endemic Burkitts lymphoma (BL) biopsies and in early- 
passage cell lines derived from these tumors (Rowe et aL t 1987). BL displays 
three reciprocal translocations between chromosome 8, near the site of the 
c-myc locus at 8q24j and cither the immunoglobulin heavy chain locus on 
chromosome 14 (the jcommon translocation seen in up to 80% of tumors) or 
one of the light chain loci on chromosomes 2 or 22 (the variant transloca- 
tions (Manolov and Manolova, 1972; Magrath, 1990; Lenoir etai., 1982). 
Endemic BL is a mjonoctonal B-lyrnphoblastic tumor approximately 30 
times more common 1(0,01% prevalence) in areas of Africa and Papua New 
Guinea where malaria is holoendemic Such endemic BL cases are invariably 
pediatric (peak incidence 6"— 8 years) and 97% are uniformly infected with 
EBV (mr Hansen aind Schulte-Holthausen, 1970; Reedman and Klein, 
1973). The link between endemic BL and EBV was enhanced by the discov- 
ery that 85% of parieWs had high anti-early anrigen titers, whereas control 
children, although infected, usually had low or undetectable antibody (G. 
HenJe*f *t, 1971a). 

Explanted BL cells grow continuously in culture, and on serial passage 
some rccain-the phenotype of the original biopsy (group 1). However, during 
prolonged culture in l vitro M many BL cell lines show a dramauc pbenotypic 
drift, with increased 'expression of B-cell activation antigens and adhesion 
molecules and the appearance in the culture of clumps of more lympho- 
blastoid-Iike cells (group HI), As the group HI phenotype cells dominate the 
culture, they frequently lose expression of CD10 and CD 77 BL markers* 
while other LCL- associated markers > such as CD23, CD40, intracellular 
adhesion molecules, and Bcl-2, are up-regulated (Rooney et ai 9 1986; Rowe 
et al. 7 1987; Henderson et aL, 1991). Group II BL cell lines exhibit an 
intermediate drift ttrwjard a group HI phenotype. These contrasting features 
of BL cellular phenotypes are an important tool in understanding the im- 
mune escape mechanisms of BL. 

It should be borne in mind chat, apart from endemic BL, two other forms 
of this lymphoma are recognized. Both sporadic and an acquired immu- 
nodeficiency syndrome-asMdated BL display the pathological and cytologi- 
cal features of endemic BL but are less commonly EBV oositlve. 



B. Latency II Program 



Cells in latency 1 and II share many features (EBNAl, EBER RNAs, and 
Fp usage) and differ dpty with respect to expression of the transmembrane 
proteins LMPl, LMP2A, and LMP2B. One or more LJMP promoters arc 



Received 11/19/2002 23:25 in 29:06 on line [4] for TB10007 printed 11/20/2002 08:20 * Pg 45/73 
20/11 '02 16: 51 FAX 61 3 9639 29 51 El 045 



19/11/2002 08:49 QIMR K FUXR 00398633093 



217 

OevElopine a Vfeccin* to EBV-Assotf*** Diseases 

acdvattd in latency «. res^ 

lymphocytes i« wW (Kaye * «U i»s»*h a '™ J . AkhoUB h LMP1 is 
lOWyor) in populawns torn » vanay ™ . ^ 

fes 1 ^ - 

i»5? i • MPT CD54 (intracellular adhesion molecule type 1 
1991)- /*' tiwOt NPC express k>uj'* \tm*a\.*» 19041 the B 

(N C Sicl iW »i ■ » d p° ssib ^ dass nMHC(Chenst 

l9 f bL..1. EBV exoression U been demonstrated in approximately 50% 
of^^fS^SSK aL 1992), there remain some doubt about « 
ST r*i g-«U of this lymphoma, h -^^XaTsu t 
but usually chromosomaliy normal, Rced-Stemberg (RS) ceU 1 are sur 
funded and outnumbered by untrained, poorly charactered ly^ho- 
cytes (mainly CD4+). The, RS cells consistently egress CD15, ,CD30, 
5>74 and human lympbocjte antigen (HLA) class D g*. 
bur many arc thought to b, HLA dass I neganve <^P«- "J. YgJ 
1994) The RS cells have been shown to secrete raterieukm (1L)-1, 1^5, U- 
^9 rumor nSosis factory macrophage "^HH^Stocl 
transforming growth fen* and, less, frequently, ^.^.J^Se! 
cdb^dmUiDK facror. J deregulated cy CO W network „dtar cell coo- 
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C. Latency III Program 

The important features of cells in latency HI ^.^^n^onol 
analysis of LCU- Cells in latency II! are cbaractenzed by (1) express^ of 
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die EBV nuclear proteins EBNAl-^6 and LMP1, LMP2A, and LMP2B; (2) 
expression of cellular genes such as CD23 S a ligand for the EBV receptor 
CD21 (Wang et <*/., 1987);, and (3) a pattern of promoter usage quite distinct 
from that used in lattrtdes I and 11 (Sample et al. t 1986; Rodgers et al, 
1990). 

Two EBV-assoriated diseases best exemplify the latency III program: infec- 
tious mononucleosis flM) and posttransplantation lymphoproliferative dis- 
orders (FTLD), the f otcntiaily fatal immunoblastic lymphomas in trans- 
plant patients, EBV wps linked to 1M several years after the first description 
of the virus. Evidence for this association included the spontaneous out- 
growth of EBV-Lnfected B lymphocytes from the cultured peripheral blood of 
patients with acute fljt (Pope, 1967) and the coincidence of acute 1M and 
appearance of antibodies to EBV (Niederman et *L t 1968; Henle et at, 
1968). Over 90% of infants in low per capita income countries seroconvert 
by the age of 4, whefceas 15% of, infants in higher socioeconomic strata 
countries remain EBVj-seronegarive past the age of 20 (Straus and Fleisher, 
1989). The classic signs of IM — swollen posterior cervical lymph nodes, 
fever, and pharyngitis*j--arc most apparent in adolescents and young adults. 
In this case, about 50% of seroconversions are associated with clinical 
symptoms, whereas earlier seroconversion is generally subclinical (Epstein 
and Achong, 1977). Tfce primary site of virus replication is the pharyngeal 
epithelium (Gerber et al, 1972; Stxbey et at., 1984), and recitcuiaring B 
lymphocytes can presumably become latently infected at this primary site of 
virus replication, thereby generalizing the infection (Pope, 1967). 

An association of EBV with PTLD was first noted by Crawford and col- 
leagues (Crawford et 1980; Hiomas et aL t 1991). Histological analysis 
of FTLD shows a quite complex clonal diversity ranging from polymorphic 
B-lymphocyte hyperplasia to malignant monoclonal lymphoma. Analysis of 
the cellular phenotype of PTLD using immunohjstochemical techniques has 
revealed that in most cases the lymphoma cells have phenotypic characteris- 
tics similar to LCLs, yith high levels of CD23 and intracellular adhesion 
molecules such as ICAM and lymphocyte functional antigen (LFA-J) (J. A 
Thomas et ai $ 1990; Thomas et al. t 1991). 



D. A Latency Program of EBV-Infected Resting 
B Lymphocytes 



Following primary i 
epithelial cells in all h 
virus relationships that 
stood and cannot be 
ously discussed. Evidence 



infection, EBV persists for life in B lymphocytes and 
paltby seropositive individuals. Details of the cell- 
ate involved in this persistence are not well under- 
re^dily incorporated into the models of latency prcvi- 
suggests the presence of EBERs, EBNA1, and 
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et fiL, 1994) that express the cell surface phe- 
of CD23 and CD80 (B7) (Miyashka et t*L 



E* Virus Replication Cycle 

It is clear from m vitro models that all three forms erf latency can switch 
directly into the lyric cycle following activation with phorbol esters, by 
cross-linking with surface IgM or treatment with calcium mophore (Lute et 
ai 1979; Takada and Onb, 1989). Alternatively, virus replication can be 
induced by superinfection of cell lines such as Raji with virus from a larent 
antigen-defective cell line tjtar complements Raji's defect in replicant igeiie 
expression (Biggin et ai, 19871. In these reactivation models, nuclear BZLF1 
(also known as Zebra) acts as a "lyric ;switch," launching the productive 
cycle cascade by activating promoters far itself, BRLF1, and several delayed 
early proteins (Flemingron and Speck, 1990), Studies with these cell lines 
had previously enabled a division of replicative proteins into the early anti- 
gen (EA), membrane antigen (MAX and virus capsid antigen (VCA) com- 
plexes. Early immunological studies divided the EA response into restricted 
(EA-R) and diffuse (EA~D) tomponents.jTne response to EA-R and EA-D is 
frequently of diagnostic simificanct (W.;HenJe et a!., 1971 j G. Henle et ai, 
1971b), VCA is abundantly expressed in cell lines undergoing productive 
infection, and has polypeptide and glycoprotein components ranging in size 
from 26 to 200 kDa, with a 143-kDa polypeptide (BNRF1 reading frame) 
being the major component (Thorlej^Lawson et ai, 1982). 

There are two in vivo models available to study EBV replication. Stratified 
squamous epithelium in immunocompromised individuals with oral hairy 
leukoplakia (OHL) expresses a range of implicative proteins (Greenspan et 
ai, 1985). Thus in the upp^r spinous layer in OHL lesions, BRLF1, BMLF1 
(pp60 component of EA-D), BHRF1 (pl7 component of EA-R), BGLF5 
(DNase}, and BCLF1 (pl50 component iof VCA) can all be detected (Becker 
et ai, 199 1; Baylis et al, 1991). These results have led to the suggestion that 
replication is confined to [differentiated epithelium, although there is evi- 
dence of BZLF1 in the bajal layer in this model as well as in the second in 
vivo model, normal tongub mucosal tissue (Becker et aL t 1991). Fusion of 
circulating EBV-positive B tells with oropharyngeal epithelium or uptake of 
IgA -virus complexes by thk epithelium (Sixbey and Yao, 1992) offer alterna- 
tive explanations for the infection of oral epithelium. It seems likely that 
these cells release virus asf differentiation proceeds and BZLFl expression 

increases, I ' .oil 

The MA complex is involved in mediating virus binding to the B-lymptio- 
eyre receptor CR2 (Nemertw et aK 1985; Tanner et a/., 1987) and consists 
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EBV-induced glycoproteins: gp340/300, gp250/200, 
(Mackett et al, 1590}. Studies with EBV immune sera 
neutralization capacity was included in antibody to MA 
component of the virus envelope (Pearson et aU 1971; 
Neutralizing determinants are included in gp340/22o] 
* (Hoffman et aL, 1980; Qualriere et al., 1982; Strnad' 



UK HUMORAL RESPONSE TO EBV INFECTION 

Historically, the hkmoral response to EBV infection was defined in terms 
of a set of immunofluorescence assays that quantitatively assessed the anti- 
body response to VCW, MA, EA-R, EA-D, and EBNA. Thus, during the acute 
phase of IM, patients have high titered IgM and IgG antibodies to VCA and 
in many cases an IgC response to EA-D, together with an antl-MA response 
to SP 8S rather than toward gp340/220 (HenJe et al., 1979). This lack of a 
response to gp340/220 is important since antibody to this complex is the 
most potent source oi neutralization of the virus. This result app rars Ko 
bring into question jhe role of the neutralizing response in recovery from 
acute infection. Acude IM patients show a pronounced IgM anttbodv re- 
sponse to auto- and hereropyie antigens and a transient IgG response to the 
EBNA2 protem, whe reas the IgG response to EBNA1 is not usuallv detect- 
able until the convalescent phase (Henle et al., 1974, 1987). During the 

riTp^l 1 I ^ Cfi0d, ' * ^ Mls whiIe thc J S G "sponse to VCA- 

fr K, f i u P ' ateaUS r ' 'f doced kvel ™Y obvious protective role. 

It has also been suggested that antibody to gp340/220 binds to productively 
infected cells rendering them susceptible to antibodWepcndent cellular 
cytotoxicity (ACDD)-Udiated lysis (Patarroyo et al 1980) 

Jll 5 Z P ^ ant -° * e "I* ° f neutrali ™B response seen during 

levels of infecoous vnus are seen in saliva. Whereas the emerging IgG re- 
5DOnw to has the potential to render B* ^O^AJT^ 

- • Ian««« of this response in IM patients argues 

ajaroat any primary rjrie in limiting the spread of infection (Pearson et al. 
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IV, CTL RESPONSE TO EBV INFECTION 



Redding of EBV in the oropharynx of immunosup- 
'des evidence in support of an important role for T 
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early studies demonstrated dm T ^ « Thor^-Lawson, 1980) and 
indeed B cells (Tbocl^La^n VT , ^ rf ^ 

«h« this iridic*, apples to be « ^l»«d » l983) ^ M t 

CD4+ T cdls (Hasler et aL, 1983, ^?= 8 °" f T ^ in inhibiting 
snuiies using a related system ^J"*"* ^340 (Wjarano « a/.. 19B8, 

cells expressing ^^^^3^^^^ rf T ~! ^ 

1990). However, tn spite of thf J«ad«i« ™ for studying *e 

A. CTL Response during Primary Infection 

The elector nanism* in-lved 
haw been inferred .fcn-r ^^^£1 f^omy of individuals, 
acute IM. It must be borne '« f ™ * mCfll tfsLsc Thus there is a 
p rim ary EBV infect .doe* ; not aboiIt * e extent to 

&tX££^-Z^1» dkr ft- those seen dunng a 
subclinical EBV mfecnon. hematological* by • marked 

The acute phase of IM a fl+ and c5 4+ T cells express 

CD8+ lymphocytosis both ^« ^ wWV ^ ^ 
activation markers such as H LA -DR £ omwns percentage of 

dence has shown that :£* ^™ZT™» ^> 5* b no. 
cells expressing CD45RO M ^ ^ it is not clear 

considered a sensitive mark* r i£ t«dv«Bi phenotype. 

how the primary OV^^^IfSi bc £ difficult 

assess. Since infected* cells n ae -^ov* antigens, an effective 

CTL ^PO-e ^ b^d«ec «^3*JJ ^ apparcnl nonresmcxed 
early reports in which then was (Sve dmyr and JondaL 1975; 
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composite response and includes CD84- (Strang and Rickin- 
kon et al 9 1989), CD4+ (Misko at aL. manuscript in 
<JD4+ and CDB+ CTLs (Jacobs et #L 3 manuscript in 
rget antigens recognized * tte fi P eci 5 c CTLs include 
icative antigens. It will be important in developing a 
strategy against IM to establish the respective roles of 
defining the progress of the primary infection toward 
seroconversion or acute disease. 



B* CTL Response in Healthy Virus Carriers 



There is considerable evidence for the existence of a potent EBV-specific 
memory T-cell population in all healthy virus carriers. This response is 
toward epitopes within the latent EBV antigens rather 
the implicative proteins. The basic observation illustrat- 
ed CTL control grew out of studies comparing the course 
of EBV transform at ton of lymphocytes from healthy immune and nonim- 
mune individuals. Thus when adult donor lymphocytes (including T cells) 
virus and placed in culture, the proliferation of virus- 
infected B cells, wiich occurs within the first 2 weeks postinfection, is 
followed by a compi etc regression of growth brought about by CTLs reacti- 
vated in vitro (Moss et aL % 1978). In contrast, the proliferation of lympho- 
cytes from nonimmune individuals is not impeded by EBV-specific CTLs. 
The stria cell cance titration dependence of regression (regression occurs at 
high and not low cell concentration} has become a very convenient semi- 
quantitative assay for EBV-specific CTLs {Moss et al., 1978). The regression 
phenomenon is mainly dependent upon the presence of CD8 + CTLs (Moss 
et aU l97Bj Crawficrd et ai s 1983)» although the regression end point may 
be influenced by nati iral killer cell activity (Masucci et al u 1983). Regression 
mav also be assessed by ^H-thymidine incorporation (Thorley-Lawson et aL r 
1977; Schooley et * . t 1981, 1984). 

The peptide spedf city of CTL dones in regressing cultures from immune 
individuals has now been analyzed in considerable detail and has revealed 
the existence of CTL epitopes within eight of the nine latent antigens. The 
key observation in tie identification of target antigens was chat, in certain 
donors, it was possible to exploit the allelic polymorphism in the EBNA 
proteins between A-iype and B-type EBV by isolating A-type-specific CTL 
clones (Moss et a!., 1988), These clones provided an opportunity to define 
CTL epitopes by screening selected EBNA peptides for reactivity on B-type 
rransformants (Burn ws et aU 1990). The peptide epitopes thus far defined 
are summarized in T; ible U. It is now clear that the majority of CTL epitopes 
are encoded within i LBNAs 3, 4, and 6, It should be emphasized that this 
apparent focusing of CTL response through some latent antigens may be a 
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B8. B35. B40, and B51 were each shown to present more than one 
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Although some of the epitopes defined thus far are conserved in both 
A-type and B-ryi* trans formknts, a significant number are specific for 
A-rype EBV (Tab! > II). Since it is well established that the majority of single 
amino acid substixirions within CTL epitopes can result in loss of recogni- 
tion (Burrows <?f <i/„ 1992U the common isolation of A-type-specific CTL 
epitopes is not uo xpected when the degree of latent antigen sequence varia- 
tion between the wo types is compared (Sample and Kieff, 1990). 

TIie question o: mutations at the site o£ CTL epitopes is important to 
consider in retail hi to EBV vaccines. Studies on a panel of A-rype EBV 
isolates derived ftwn different geographical locations indicated that two 
CTL epitope sequences (HLA-b8-restricted epitope FLRGRAYGL and 
HLA-B44-restricted epitope EENLLDFVR.F) were widely conserved. How- 
ever* recently a po ymorphism within the HLA-A1 1-restricted CTL epitope, 
FvTDFSVIK* derived from EBNA4, has been reported (de Campos-Lima et 
aL, 1993, 1594). J Jthough the epitope sequence is conserved in most A-type 
strains worldwide, all of the A-type strains isolated from individuals from 
Southeast Asia ant Papua New Guinea (coastal region), where the HLA-A1 1 
very high, consistently carried an altered sequence with 
in one erf the anchor residues. These mutant peptide 

„^ liind to HLA-A11 molecules and are thus not recognized 

by HL A- All-restricted EBV-specific CTLs. This study and recent observa- 
tions from our laboratory (unpublished) raise the possibility that mutations 
' . rpitopes may be more common than had been previously 
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interesting facets of this body of work is the response to 
his consideration assumes particular importance in -the 
present context, si ice a successful vaccine that included this antigen might 
Encompass all EBV-associated diseases. Although earlier studies failed to 
demonstrate CTL epitopes within EBNA1 T recent studies have identified a 
major histocompatibility complex (MHC) class N-restricted peptide se- 
quence that is recognized by CTLs after exogenous sensitization of aurolo^ 
gous or HLA-DRj -positive B cells (Moss et a/., 1994). One of the most 
of this epitopje is that EBV-transformed LCLs and BL cell 
i process and present this epitope endogenously. It is 
hat this epitope is included in the EBNA1 DNA-binding 
limit transport of the epitope into the class II processing 
blocking effective processing through this pathway. 



a ted Control of EBV-*As&ociated Humors 



There is increasing evidence for the direct involvement of cell-mediated 
immune mechanist] is in the control of human tumors. This concept is based 
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fluorescence activa ed cell sorter (FACS) analysis of group I (BL29) and 



a lls after immunofluorescence staining with monoclonal 
i or these molecules. These differences are reflecred in the 



differing growth patterns of group 1 and group 111 cells; for example, BL29 
cells grow as a single cell suspension rather than in clumps because the 
molecules mediating homotypic adhesion, namely LFA-1 and 1CAM-I, are 
at very low levels. A lore importantly, low expression of ICAM-1 and LFA-3 
on the group I BL a II surface is reflected functionally by the inability of such 
cells to form conjugates with activated T cells in short-term in vitro assays 
(Gregory et at., 1988). These characteristics are not unique to EBV-postrive 
BL, since cell lines established from EBV-ncgative, sporadic BL show the 
same phenorype. Fowever, studies have demonstrated that* whereas the 
virus-specific CTL j ecognition of LCLs is dependent on an intacc LFA-3— 
CD2 pathway, BL tell lysis could be achieved by peptide sensitization and 
recognition througH the LFAfl-ICAM-2*pathway (Khanna e/ aL 1993). 
Because there is consistently high expression of ICAM-2 on all BL celt lines 
(Table III), it appear ; that down*regulation of LFA-1, LFA-3 and/or ICAM-1 
expression on BL cr Jls does"not provide an absolute barrier to tumor cell 
recognition by virus -specific CTLs. 



2. LIMITED VIRAL 



The viud phenotyiw of BL cells is likely to be a very important factor in 
reducing tumor susceptibility to EBV-specific CTL surveillance. EBNA1 is 
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the only detectable latent protein in group 1 BL cells, w,th *]l other EBNAs 
and LMPs down-reflated (Rowe etal., 1987). It has generally beo .consid- 
ered that EBNA1 .loes not include epitopes that ate presented for CTL 
recognirion by EBV-infected cells. Thus \i is not hard to see the advantage 
that rttfs highly reacted form of EBV Utency ofers BL celk .n terms of 
immune evasion, si. ce EBNA2-6; and the LMPs, which <"« 
nant targets of viru specific CTL recognition Khanna et 4, 1992; Murray 
et al 1992), are m it expressed. It seems pnbkelv that restricted EBV gene 
expression in BL ce Js is a result of an imrriune pressure m vivo, that is, that 
down-regulation of latent protein expression is a key selective step ui the 
pathogenesis of BL. Indeed, the latency program in BL may reflect that of us 
progenitor B lympr ocyte, rather than a unique feature of a malignant cell 
clone selected for it s ability to evade EB^-spcctf c CTL recognition. 

In contrast, it is s irprising that the expression of the highly irarrumogerMc 
antigens LMP1 anc LMP2 in NPC and r?D does not result in reaction of 
these tumors fa van i. A possible explanation is provided by a murine model 
that demonstrated t iat the LMPl.gene from NPC, when expressed in i mouse 
carcinoma cells, wa s completely nonimmunogenic, whereas the LMFi gene 
from the B95.8 cell line was highly immunogenic (Trivedi et al, 1994). 
Interestingly, LMP1 encoded by NPC isolates shows numerous amino acid 
changes as compared to the B95.;8 sequence (Hu etai.,1991). More recently, 
similar amino add changes in trie LMPl\ gene have also been repotted m 
EBV isolated from HD (Knecht et al. 1993). These observations strongly 
suggest that mutacons in the LMP1 sequence might render tumor cells 
nonimmunogenic f c r CTLs. Although a riumber of CTL clones specific for 
LMP1 have been isc lated from healthy EBV-immune individuals (Khanna et 
al., 1992), the pepri le specificity for these clones has not yet been defined. Tt 
will be interesting t> see whether, the mutations within the LMPl sequence 
of NPC isolates are encoded within epitope sequences that are relevant for 
CTL recognition. These observations therefore provide an interesting focus 
for future work in:ended to delineate the role of the EBV-specific CTL 
response in the control of NPC and HD. 



3. DOWN-! 
PROCESSING 



REGULATED EXPRESSION OF ANTIGEN- 



GEMES 



Well before the 
Rowe and colleagues 
lines to virus-sperif c 
process and present 
of the antigens pet 
processing of endogjenously 
and their presentat on 



riolecular identity of EjBV target antigens was resolved, 
proposed that the insensttivity of EBV-positive BL cell 
,j CTLs might reflect |a cellular defect in the ability to 
latent antigens to the T-cell system, rather than absence 
(Rowe et al., 1987). Given what we now know about 
usly synthesized pijoteins to small peptide fragments 
on the cell surface as a complex with HLA class I 
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antigens, it is deai that endogenous antigens have the potential to provide 
target epitopes for a specific CTL response. These peptides are transported 
into the endoplasmic reticulum by a family of transporters associated with 
antigen processing (TAP-1 and TAP-2), where these peptides associate with 
MHC class 1 molei ules. | 

It has been clear for many years that BL biopsy cells and derived BL cell 
lines do express HL A class I antigens on die cell membrane, and the leveU of 
HLA antigens exp essed on the group 1 BL cell surface are sufficient to 
sensitize these cell; to lysis by : appropriate allospecifit CTL lines (Tor- 
stEinsdotttr et al, 1986). However, recent studies have raised the possibility 
of loss of MHC coi formation as a result of a defective endogenous peptide 
loading of MHC n decides compared to the autologous LCLs (Khanna et 
al, 1994). These ol iservarions have subsequently been confirmed by immu- 
nopredpitation ant isoelectric focusing (Rowe ef al, 1995). Furthermore, 
recent results have t cmonstxated that the class I antigen processing pathway 
is very much less acive in BL cells than in pCLs (Khanna et al, 1994; Rowe 
et al % 1995), This is reflected in very low expression of the transporter 
proteins TAP-1 an<! TAP-2 in group I fijL cell lines. Deficiencies in this 
antigen-processing pathway in laboratory-generated antigen-processing mu- 
tant cell lines (such :ls RMA-5 and T2) are generally associated with reduced 
stability and surface expression of MHC class I molecules (Ljunggren et aL 
1990; Momburgffi nL t 1992). Thur reduction is apparently due to a deficient 
supply of peptide cp topes into the endoplasmic reticulum for MHC stabiliz- 
ation. However, in ironirast to the RMA-S and T2 cell lines! in which the 
TAP genes are delet rd, BL cell lihes show k transcriptional deficiency with 
significantly redueec levels of TAP-1 and TAP-2 mRNA and protein expres- 
sion (Khanna et aL, 1994). At present nothing is known about the status of 
TAP genes in undifferentiated NP]C and hJd. It will be important to deter- 
mine whether antigt n-processing capacity m these tumor cell background? 
contributes in any wf y to their ability to evade an effective EBV-specific CTL 
response. 



years, the understanding of immunological control of 
;es has proceeded to the point where serious consider- 
flpent of a vaccine is timely* Given the oncogenic poteit- 
its narrow host range, it is appropriate that these 
on two parallel paths. In the first place, it is impor- 
l rials using existing technology as soon as possible, and 
described in Section VI, it is equally important to be 
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- „ j-™, n that draw on experiences 
ro vaccine design ™»T' , eBV-jissoei- 

and on animal models ot £»v 
hber of human vaccine triak 
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jiavc already mrt jJi, .-at are based on 
several animal model? tW* both 
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Herpesvirus 



HCMV is highly prevalent th » a ^°*^^ 
a | s whose immune systems an; c HJf^ 0 Whave lpr ovided considerable 

impetus for the ^^P^I^w^Iafic CD8+ CTL in humans (Rid- 
stradon of adoptive transfer ol 9^3^88). ™^ * ,adt °, 

success of passive immumMWJ > *™ hct ^ roaitl protective mechanism. 
« «L, ^akes it likely tt at ^^^2 lii attenuated vaccines to 

Ther isnowconsidexablee^^ The first inocuU- 

HCMV using normal, adults ^ «U «™ adenoicb ' "V 

rio „s into humans ^involved; ^ ^gJ^SSin. « «f f 
sue that is referred to as AD-1 6 (He* = « ^ neutrahzmg 

These trials i**-*^^.!^^!* audited with significant 
and complement-fixing respc » ^^j^d fa Towne strain, which 
sequelae. Subsequent vacane .tudies ftave ; m _ subsequently 
^originally isola^d ^SdSSS^S^ l976;Plotkin et 
passaged hfHI human is andgenioally related 

aU 1991; Balfour et at-. 1? 85 . TWi s ^ lQu mnan at d, 

to other HCMV J 1 *^' virions and thermostability 

1984), exhibits P^^\^^^M tacy. Several 
than wild-type strains of the virus > , ^ ^ Towne 

rrials have been carried out m £f thftt vaccinated HCMV- 

strain- The most important s speer ^^Xdlnted disease related 
negative individuals were sig. nfewdf P^^^J ^ individuals. 
J, die virus following organ grata* ^v^™*^ against CMV 
Another approach that ha P^^^^ted with a CTL pept.de 
challenge has recently been , < ^oped. ™ ^ in an appro priate 
epitope from murine CMV (from « ^ mdudcs tttan us toxoid 

SiuvW formuladon (Man, ■J*™™ d^ge (Scalzo et *t» 
helper activity were P™"^™ ^ of this body of work is that 

S^^" f PBPlide 
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This result is import tvi since it suggests 
this vaccination strategy to humaiis. Indeed, 
of a peptide-based vx ccine trial cufcreni * 
(see VI, A). 



r it might be possible to translate 
, this approach formed the basis 
tly being undertaken in this laborarory 



B. Animal Models 

Several animal models using EBiV ot related viruses have been developed 
that may be useful i n developing vaccine strategies. These models include 
EBV-induced ly mph< >jnas in cottontop camarins and severe combined immu- 
nodeficiency (SCID) mice, and a parallel murine gamma herpesvirus, her- 
pesviruses (MHV-£8). !' 

The cottontop tan arm {Saguittus oedipus oedipus) is a model thar paral- 
lels EBV in the development of'jraultiple B-cell lymphomas in 100% of 
unprotected animals within 3 weeks after intraperitoneal inoculation with 
high-iicered EBV (Fi: erty etaL, 1^2). Purified or recombinant gp340 inoc- 
ulated within various adjuvants^ such as liposomes, muramyl dipeptide 
(MDP), immunostifi ulatory complexes (ISCOMS), and alum, or delivered 
by live vectors such i s vaccinia and adenovirus, have demonstrated variable 
induction of virus-n :utrali2ing gp|J40 antibodies and in some cases have 
shown protection frc m tumor de^dopmen : after high-dose EBV challenge 
(Epstein et al, 1985 Fineny et di, 1992). This result brings into question 
the mechanism of p -otecrion operating in these various vaccine prepara- 
tions, since immunoc lemical assav$ and immunoblotring indicate thar latent 
rather than replicati 'e antigens (including gp340) are expressed in these 



tumors (Young et ai 



1989)- Indeed, diere 



have been suggestions of a cell- 



mediated mechanism 1 (Young e* fl^j; 1989). Jhe results to date highlight the 
importance of develo jing in vitro ajssays to define the mechanism for protec- 
tion in this model (Claeto et al^ lksfi). lmipune control over virus replica- 
tion at sites of productive infection has not been systematically studied 
(Macro et ai, 1988), With furtherlrefinement and identification of the exact 
Cellular mechanism a id antigens involved, trie EBV-induced tumor model in 
the cottontop tamari i provides ari' experimental analogue to PTLD. 

SCID mice lack fur crional T ancl : B lymphocytes as a result of a mutation 
affecting the recombi iase systems (Mosier et aL, 1988), Injection of human 
peripheral blood moi onuclear cells (PBMcJ) from seropositive donors into 
these mice results in the development of heterologous EBV-positive B-celf 
lymphomas within 6- 10 weeks (Mosier et d. 9 1988; Veronese etaL, 1992), 
The transplanted hun an PBMCs remain functional and active for 6 months, 
although some doubt exists as to jft>e maintenance of CTLs over this time 
frame (Mosier et al^ L988; Boyle 1993). These tumors contain large* 
noncleaved lymphoid cells with variable plasmacytoid morphology similar 
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in these tumors reveals that they 

f; i 

transfer of HLA-idenrical CD8+ 



m PTLD and arc transplantable imo naive SCIDj mice (Sfoonesc et aL 
1994). Analysis of EBV gene Depression 
exhibit the features of latency Ilf- 

h is parricularly relevant that adoptive L — _._ , 

EBV-specific CTLs significantly delayed or prevented engniftmcm of these 
lymphomas (Boyle et aL l%93). This ceSulr is reminiscent of the human 
studies showing regression of immtmohlasttc lymphomas following adopove 
transfer of EBV-specific CTLs (Rooney rf||U-, 1995J. There is evidence that 
human cytokines IL-6 T 1L-10, and IMOjj receptor^ are produced by these 
tumors and mav be involved either directly or indirectly (e.g., by prevention 
of programmed' cell death and induction of proliferation) in tumor develop- 
ment (Veronesi et aL 1994; Veronese et aL 1994). There are several curious 
features of this model that warrant comment. First, there is an absolute 
requirement for the inclusion of T cells (most likely CD4+) in the PBMCs 
for the progression of these mmors (Veronese et at, 1992; Veronese et aL 
1994). Second, pretreatment of SCID mice with cyclosporin A prevented, 
rather than enhanced, formation of ihesie tumors {Boyle et aL, 1993), In 
terms of EBV vaccination strategies, this [model could be used to study the 
selective blockage of specific cytokines bjj;CD4+ cells and their role in the 
activation of EBV-specific CD8+ CTLs. ( jj 

A naturally occurring herpesvirus of wira rodents, MHV-68 is an interest- 
ing model of both lyric and latent EBV infection. This virus was originally 
isolated from bank voles iClethriononwsplareolus} in Czechoslovakia and 
has been reclassified in the gamma herpesvirus family on the basis of elec- 
tron microscope antigenic and cytopathijc effects on cell lines, genomic ar- 
rangement and homology,; and latent^ identified in B lymphocytes 
(Efstathiou et aL. 1990b; Strail-ChandrajW aL 9 1992b). As yet, the trans- 
forming capacity of MHV-68 A? vitro has&ot been jreported. It is likely mat 
this will be a prerequisite to defining the ajnalogy between the MHV-6B and 
EBV latent antigens and their rale as tjarget ant^ens for specific CTLs. 
MHV-68 produces a consistent respirajfory infection via the intranasal 
route, presumed to he the natural mode oPlnfection] and is spread to various 
tissues within the body via the bloodl' (Sunil-Chandra et aL 1992a). 
MHV-68 mimics EBV by inducing bothl'asymptoUatic and symptomatic 
acute infections (Sunil-Chanilra et aL, l$92a) after intranasal administra- 
tion in BALB/c mice. jjj 

The virus infection resembles EBV m a number of other important charac- 
teristics. First, MHV-6B replicates in epithelial tissue, including cell lines, 
and is apparently latent in a subset of B lymphocytes (Svobodova et aL, 
1982; Sunil-Chandra et aL, 1992b). Second, theije is homology between 
some EBV and MHV-68 genes (Efstadiioju et aL, 1^90b). Third, there is an 
analogy between lymphoid j infiltrates seen in die spleens and lungs of 
»'inr/n r.____j — i -i ^citrates seen in IM (Nash 



MHV-68— infected mice and the corresponding infi 
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and Sunil-Chandra, 1994). Iiideed, B-ccll lymphomas frequently arise in 
chronically infected animals fEhtisharn et aL, 1993). Fourth, it has been 
established that CD8+ cells are required for recovery from an acute infec- 
tion (Ehdsham etal, 1993), || I 

MHV-^8 could provide an attractive model to stimulate the EBV lympho- 
mas that develop in humans after immunosuppression. It should be possible 
to define the conditions under | which adoptive transfer of specific cell popu- 
lations induces regression of th'pse tumors in a manner similar to that report- 
ed previously in humans (Rodney et a/j 199 J). The virus offers an oppor- 
tunity to study the acute lyrijc phase bf a gamma herpesvirus infection 
because it readily replicates in epithelial cells in vivo and in vitro (Svobodova 
et ai y 1982; Sunil-Chandra jef ai 3 1992a; Stewart et aU 1994). The 
MHV-68 mode! would also prdvide a feasible system for defining the role of 
cell-mediared regulation of tbeJjlyric phake of infection. 

These three animal systems provide opportunities to evaluate and manipu- 
late immunological strategies for vaccine design. Cottontop ramarins are 
rare and cosdy animals, and careful experimental planning will need to be 
exercised- Tlie advantage of th| mouse models is that the animals are inex- 
pensive and the immunology and genetic strains are well defined (Efstarhiou 
et ah, 1990a). No model usingj EBV is Ideal, but dissection of the mecha- 
nisms regulating the disease stages induced in these model systems provides 
the basis foe trial of specific EBV vaccines. 



VI. VACCINES AND IMMUNOTHERAPY 
FOR EBV-ASSOCIATED ^ISEASeIs 

: ] 

It is unlikely that a single vaccine that is applicable to all EBV-associated 
diseases will be developed in the near future. Given rhe variety of potential 
EBV targets in latency III diseases and the| problems of immune recognition 
of larency II and latency I diseases previously discussed, vaccines against IM 
and PTLD would seem to offer the best opportunity for earfy development. 
Given this, caveat, however, early human trials aimed at BL, NPC, or HD 
deserve serious consideration. These trials; i * 1 ' - - - 
peutic or preventive vaccines butijmay well i 
immunotherapy. The following section wi 



might not be restricted to rhera- 
encornpass new developments in 
I discuss some of these issues. 



A. Vaccines for Latency III Diseases 



The first trial of an EBV vaccinelhas 
mununogen was a live recombinant vacciniit 



been;reported by Gu etal. (1993). The 
virus (strain Tien Tan) encoding 
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based on 19 children (9 



the EBV MA BNLF1 (gp340tt20). Tbe m ^ HTT n et ^ A as <=OTtrai s) 
immunized with the recombinant vicoma and 10 «^"J™™ 
w «h no detectable antibody to EBV antigens. All children m 
developed a neutralizing response to EBVi Sixteen months .after 
L-VCA antibody JL detectable in all of those Mi die control group, 
Xrci 6 of 9 children who had received the ^combinant wtfi £ 
mained anti-VCA negative. This result is importjant and unpl.es that the 
and MA response m^havc absolutely blocked EBV infecaon (based « . • 
lack of antibody to VCA) and induced sterile immUty (at least in the short 

tC Despite the promising results described^ this jtudy, there remains some 
doubt about the widespread acceptability of using recombinant vaccm.a. 
This factor has led to a search for a subunit vactine mar would have the 
advantage of being chemically defined and free of My genom.c material w„b 
replicative capacity- Considerable interest has rejolved about »e «s* of a 
gpa'40 subunit vaccine based on the early, promis^ of a tamarm model. IhJS 
vaccine, as with all subunit vaccines for use in fiumans, is limited by the 
choice of adjuvant that will be acceptable for human use. At present this 
choice is limited to alum, which, although efficient at inducing £ humoral 
response, is relatively inefficient at inducing a CTL response, which .5 the 
presumed means of blocking *e lymphcfcrolifetajive tumors m unarms, it 
should be pointed out that some caution must bejexerrised in extrapolatmg 
the results in tamarins ro those one might expect hi humans. Following EBV 
infection, ramarins do not develop an acute IM-Ifce syndrome, nor do they 
develop a long-term persistent infection. ! ; The resuks, however, justify contin- 
ued research into a subunit MA vaccine. 

EBV vaccines based on CTL induction aim at reducing morbidity rather 
than preventing infection. The importance of the] CTL response in control- 
ling EBV-associated disease was unequivocally deknonsrrated recently in the 
case of PTLD. Unirradiated donor leukdfcytes (Papdopoulos tt aL, ^)or 
m vitro culrured EBV-stiraulated undooed CTL lines (Rooney et aL, 1995) 
successfully resolved these lymphomas'! Although it might be possible to 
apply this curative approach in this specialized tiimcal situation, adoptive 
transfer of specific CTLs is unlikely to; :find widespread use. These trials, 
however, established the important pririjriple thaj specific CTLs are capable 
of recognizing these tumors and give impetus to efforts at designing a CTL- 
based vaccine against larency UJ diseases. A. trial in this laboratory is at 
present being conducted. This trial aims%> induce a specific CTL response in 
healthy EBV-seronegative, HLA-B8 volunteers following vaccination with 
the peptide epitope FLRGRAYGL (sequence from EBNA3) incorparaced 
into an water-in-oil emulsion (Montanijde ISA 720) in the presence of te«. 
nus toxoid. There are several inherent advantages of this particular experi- 
mental vacdne: (1) the epitope is conserved in|A-type EBV isolates from 

i 
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Western communities, (2) HLA-B8 is common and essentially non- 
polymorphic, and (3) mosc seropositive HLA-B8 individuals respond co this 
epitope. The vaccine formulation is based on the principles established with 
the murine CMV model discussed previously in which protection from chal- 
lenge was demonstrated following administration of a single immunizing 
dose of a peptide {Scafao et ail 1995). This phase 1 trial aims to demonstrate 
the safety of this vaccine in humans as welt as to determine its ability to 
induce a peptide-specific respoarce. The response will be monitored using the 
regression assay and the isotitton of peptide-specific clones. !f successful, 
early recipients of this vaccine might be young children undergoing organ 
transplant. Many such children are EBV seronegative and are likely co re- 
ceive blood and tissue from, adults latently infected with the virus, and 
therefore are at considerable risk of PTLD. 

Obviously, one of the majorjoostades of using multiple peptide epitopes to 
vaccinate a community is HLA polymorphism, since each HLA class T allele 
presents a different epitope, Qrie approach might be to mix defined epitopes 
imo a single vaccine. It is estimated that the peptide epitopes defined to date 
span about 40% of the Caucasian population. It should be borne in mind, 
however, that as mentioned earlier, there is increasing evidence of population 
heterogeneity at the site of EB^ peptide epitopes, particularly in relation to 
strains isolated from Papua I^ew Guinea, Fortunately, at present* there is 
unlikely to be a significant demand for a vaccine to latency I and III diseases 
from this area of the world-; This estimate, however, does not take into 
account the question of the lje'quirement for protection against both EBV 
types. As mentioned previously] although A type appears to be the dominant 
strain in healthy individuals, the observation that B-type EBV can frequently 
bc isolated from immunocompromised individuals suggests that infection 
with this strain is widespread. It is possible that a successful vaccine may 
need to incorporate epitopes jfrjom A-type as well as B-type EBV since in 
many instances reactivity to these epitopes is not cross-reactive (Table II). 
Thus a vaccine based on CTLje'pji copes that incorporates peptides from both 
EBV strains and peptides that Ibind to a wide range of HLA types is likely to 
be very complex and may pose significant problems with regulatory authori- 
ties- Another approach mightf be to make use of a recent technical advance 
(Thomson et al % 1995) in which minimal EBV CTL epitopes were fused 
together to construct a recojiriiinant or synthetic polycpitope protein in 
which defined epitopes are ericoded in a continuous string (rather than in 
their natural context within a [protein). Such a "polytope 1 * vaccine may find 
application within a conventional vector suitable for humans or injected 
directly as purified DNA. It has recently been demonstrated that epitopes 
specified by such a string are indeed presented on the cell surface for recogni- 
tion by CTLs (Thomson et ak? 1995). 

\ 
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in Latency VU Tumors 



if ' 

EBV vaccines directed against ]atencV Oil diseases and porential vaccines 
JEL SI "ioSd t«L 0.«& I and II) are conceptually quite 
SSLta general, toe rumors ha^ivoked . W-f'SS^ 
nisms tbac have enabled them to expWl.n *"3J5 'sterife 
" " fir resDOnse a prophylactic vacriae that achieves lifelong EBV sterile 
E^^S^ Wil goal for ^rolline th«e «~ 
5od Howww, given their comparative rarity, this approach is unbkely to 
oe ;SvTt£ only exception mf be NPC in specific regions of China 

strategies ag^nst EBV-associated tum|>ni are thus likely to be aenpMK 
Si could clploit the presence of Efff* the tumor cells or could focus on 
non-EBV-en coded antigens. j', j 



1. EXPLOITING THE PRESENCE <j>!rj EBV 

An attractive strategy for eIiminaric|of EBV-associated 
one that turns latency lAi tumors into.'iargets for the existing EBV^pecific 
In thecasTof BU pbenotypfc drift is ^'V'T T^rT 
culture and is associated with change* h! both cellular and V^J^^Z 
sion. These changes result in a dramatic shift in the tumors >^"*** » 
EBV-specific CTLs (Rooney at aL, mm Since all three immunological!) 
relevant parameters (Le, HLA anrigerkj adhesion molecules, and vira au«- 
gens) tend » show coordinate up-regi^pon in this system, „ is ^ver r difficult 
«» isolate anv one variable and determine its incWual importance How- 
ever, it has been possible to define tbejsffect on CTL recognition of restoring 
these functions in isolation. V ■ . j,«„ u„ r 

The individual importance of class 1 allele down-regulat.onii ■ perhaps i best 
exemplified with the WW1BL cell link, which .s characterized by (1) com- 
plete allelc-selective suppression of HfcA-All expression (Torsteinsdotar <rf 
2 W -P^rf anWcAM-1 but LFA-3 neganvity (Greg- 

ory et aL, 1988), and (3) expression^ a full complement of EBV latent 
genes. Stable transduction of the HL&A11 gene alone restored CTL recog- 
nition of this cell line (Torsteinsdotdri U. 1988). However, .t ,. clear in th* 
case that increased expression of thiftlhdc alone is not sufficient to break 
down the barrier to recognition of grjsap Ml BL cell lines displaying down- 
regulated expression of EBV latent antigen. „ mMms 
Reversal of the down-reguUred exfefssion of TAP-1 and TAP-Z protems 
may offer the potential to increase Snmunogenecity and to restore i-U- 
recognition of BL cells. This has beenUlI illustrated recently m a poupl^ 
cell line that was resistant to spedfiilCTL recognition. In this case, rrans- 
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location of a peptide epitope directly into the endoplasmic reticulum re- 
sulted in a restoration of processing function in BL cells by modulating the 
peptide translocation into the MHC class I-containing compartment using 
a TAP-iodependenr pathway (Khfatina et aL> 1994). Furthermore, these BL 
cells were successfully used as stimulators to generate virus-specific CTL 
response in vitro. It is interesting that these effects were seen in the face of 
down-regulated expression of adljesion molecules. The recent activation of a 
tuoior-specific response in vivoiffisstifo et dl u 1995) using this principle 
gives some confidence that this-rjapproach may have some application to 
EBV-assoriated tumors. !ij . 

Another interesting approach wj restore endogenous processing function is 
to transfect genets) encoding EB\* latent antigens into group I BL cells. This 
approach is supported by the observation that activation of latent gene 
expression in EBV-posirive BL qe 4 lls significantly increases susceptibility of 
tumor cells to virus-specific cytcjjlysis. Similarly, EBV-negative sporadic BL 
cell lines, which often retain a group I phenotype on serial passage, can be 
switched toward the group III jjttenarype by experimental infection with 
EBV fn vitro or by transfection with individual EBV latent genes (Rowe et 
al. t 1986; Torsceinsdotrir et oi M ]|86; Wang et al % 1990). The most dramat- 
ic single gene effects in this conjtexr are mediated by LMPl, which, if ex- 
pressed in EBV-negative BL cells^jinduces a dose-depfindent up-regulation of 
adhesion molecules and B-ceil activation antigens (Wang et aU 1990). Re- 
cent studies have shown that transaction of the LMPl gene in group I BL 
cells consistently induces coordinate up-rcgulation of TAP-1, TAP-2 t and 
surface MHC expression. Fimhejj^nore, these effects were coincident with a 
significant restoration of endogenous antigen processing as detected in CTL - 
recognition assay (Rowe et <x/. 3 1§9'5). Although the cell signaling pathways 
whereby LMPl mediates these diverse effects are only partly understood, it 
is interesting to note that EBV 1J|BP1 mimics the effects of interferon^y in its 
effects on TAP-1/2, HLA class I, *iLA class II, ICAM1, and CD40 (Want et 
aL, 1990). These observations suggest some convergence between the LMPl 
(Laherty et al, 1992; Haramarslcjbld and Simurda* 1992) and interferon^ 
{Loh et 1992) pathways. Cjtarly, the potential of EBV to modulate 
antigen ptxscntatkin in infected Sells through one of its own gene products 
has important implications for tnfe immunogenicity of virus-positive malig- 
nancies. | 

There is no convincing evidence; that HD patients are unable to mount an 
EBV-specific CTL response, k i&jthus not dear how RS cells, which are 
known to express LMP, are able ijo: escape recognition, since this protein is 
known to include CTL epitopes! KKhanna et aL, 1992). The most likely 
explanation is related to the lackjjof class I expression en RS cells, but the 
presence of mutations in this protjein might contribute as well. Perhaps the 
most promising approach to immunotherapy of HO might be to utilize the 

i-V 

i 
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aiiy strategy must cake into ac- 
ented by ihc CD4 cells of un- 



fich ir might be possible to har- 
These strategies include genetic 



class II expression on RS cells. Of con 
count the substantial physical barrier 
known function that surround the RS 

There are several other approaches in j 
ness the presence of EBV in these romoi 

inacnvationofEBNAl (Rothrf aL, 1995#©r activation of the EBV lytic cycle 
(Evans et aL s 1995). For example. Fab fragments againsr CD15 (present on 
RS cells but not B cells) might be coupled protamine and used to deliver a 
DNA plasmid (Chen et al. 9 1995) expressing BZLF1 {Prang et ai, 1*95). 

2. EBV-IN DEPENDENT THERAPEUTIC STRATEGIES 

The apparent ability of BL to expand Hjpwjface of EBV-specific CTLs has 
focused attention on the use of LAK celebs a therapeutic tool. These LAK 
cells appear capable of killing BL cells iMvitip (Misko et aL t 1990). Given 
the recent modifications to natural killedlcdij-LAK-based strategies, which 
are designed to reduce toxicity, it seemi|iustified to give serious consider- 
ation to treating BL patients in this mj&V r » particularly in Papua New 
Guinea, where long-term survival is rareliMbss et aL> submitted). 

Other potential approaches include exacting the presence of fetal, frame- 
sWfced, or overexpressed self-antigens Wp «jf al t 1992; Townsend et aL, 
1994). Possible non-EBV targets mclude jGDllO and CD77 (BL), Ki24 and 
K\67 (NPC), and CD15 (HD). Howeve|jsinj:c some of these antigens are 
expressed on normal lymphoid tissue, rawing an immune response to them 
may be difficult or hazardous. It is drarijijnbt necessary to identify tumor 
antigens in order to develop a therape'urielstrategy, since cognate antitumor 



immunity can be induced by transfecti 
addition of co-stimulatory molecules { 
generally override the barrier for effect! 

NPC is derived from cells that are 
cells. The use of co-stimulatory raoleculi 
opportunity for generating or priming; 
response (Wu, 1994). The transduction 



af rumor cells with cytokines and 
ibenik, 1995). These approaches 
Wming of an antitumor response, 
t; professional antigen-presenting 
[[kg-, B7) might thus offer the best 
protective NPOspecific cellular 
lB7! gene could be achieved either 
by mixing the tumor cells with glycosylrihosphatyl inositol (GPI> anchored 
B7 (McHugh et aL, 1995) or by dircc*Hj| injecting GPI-B7 into the tumor 
mass. The latter approach might be parted airly suitable because NPC cells 
are difficult to culture. 

As described earlier, deregulated cycol&nesi and/or cell activation may be 
responsible for the HD lesion. Thus 7 apffeaches that neutralize or counter- 
act critical cytokines or receptors (perhafas using targeted receptors or lig- 
ands) may be required, and appropriatdpcdes might be delivered in vivo 
using DNA gun technology (Sim et al., W9i). Conceivably, the CD4 cells 
that surround the RS cells are tumor specific but are somehow anergized or 
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have a Th2 phenotype. Thus, an approach might be to change the phenotype 
from Th2 (Trembleau et al, 1995p: to Thl using IL-12 (Tahara and Lotte, 
1995) 



trials against other EBV-associatec 
caution and may be dependent on 



derived from either animal mode s -or related viruses 
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Protective anti-tumor immunity induced by vaccination with 
recombinant adenoviruses encoding multiple tumor ^cmted 
cytotoxic T lymphocyte epitopes in a string-of-beads fashion 

RENERM-TOESn. ROBC.HOEBENS, EliEN I. H- VAN DER VOQRT'I', MaaIKEE. RESSlNQt, ALEX J. VAN DER EB&, 
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ABSTRACT Vaccines harfaorrofl genes that encode func- 
tional oncoproteins are intrinsically hazardous, as their ap- 
plication may lead to introduction of these genes into normal 
cells and thereby to tumorlgenesis. On the other hand, onco- 
proteins are especially attractive targets for immunotherapy 
of cancer, as their expression Is generally required for tumor 
growth, making the arisal of tumor variants lacking these 
antigens unlikely. Using murine tumor models, we investi- 
gated! the efficacy of polyepitonc recombinant adenovirus 
(rAd) vaccines, which encode only the immunogenic T cell 
epitopes derived From several oncogenes, far the induction or 
protective anti-tumor immunity. We chose to employ rAd, as 
these are safe vectors that do not induce the side effects 
associated with, for example, vaccinia virus vaccine*. A single 
polyepitope rAd was shown to give rise to presentation of both 
H-2 and human leukocyte antigen- restricted cytotoxic T lym- 
phocyte (CTL) epitopes. Moreover, vaccination with a rAd 
encoding H-2-restricted CTL epitopes* derived from human 
adenovirus type 5 early region 1 and human papilloma Tiros 
type 164ndiiced tumors, elicited ntrohg tumor- reactive CTL 
and protected the vaccinated animals against an otherwise 
lethal challenge with either of these tumors. The protection 
induced was superior compared with that obtained by vacci- 
nation with irradiated tumor cells. Thus, vaccination with 
pqry epitope rAd is a powerful approach for the induction of 
protective anti-tumor immunity that allows simultaneous 
immunization against multiple tumor-associated T cell 
epitopes, restricted by various major histocompatibility com- 
plex haplotypes. 

Cytci toxic T lymphocyte (CTL)-raediaied immunity plays an 
important role in the host defense against many turn on;. 
However, natural CTL immunity against tumors often falls 
short in preventing [he development of malignancies. There- 
fore, activation of the turn or -directed CTL response, by vacci- 
nation constitutes a promising approach for the prevention and 
treatment of malignance*. 

Induction of an effective GTI^mediated anti-tumor re- 
sponse against the relevant tumor-associated antigens can be 
achieved in various ways, including immunization with whole 
proteins, peptides. DNA encoding che tumor-associated anti- 
gen of choice, (genetically engineered) irradiated tumor cells, 
or attenuated organisms, like recombinant bacteria or viruses, 
expressing the rumor- associated antigens of choice (1-7)- 
However* these vaccination approaches might not always result 
in the desired effect. For instance, vaccine approaches that 
deliver entire proteins may direct the immune response against 

Toe publication coais of this article wvrc defrayed la pan by page charge 
payment. This article Dinar therefore be hereby marked "adveriuemcnr m 
nccordnncc with IB U.S.C. 51734 *o)cty to indicate this fact. 
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an immunodominant T cell epitope only and not against other 
subdominant T cell epitopes. Alternatively, such vaccines may 
direct the Immune response primarily against epitopes that are 
subjected to antigenic variation (3-11). Induction of T cell 
imrauniiy against preselected T cell epitopes through peptide 
vaccination has in certain cases been shown to induce protec- 
tive anti-tumor immunity (2, 12). but it can also lead to specific 
CTL tolerance induction and, thereby, to enhanced tumor 
outgrowth (13, 14). In the latter instances, protective CTL- 
mediated immunity was induced when an adenovirus vector 
encoding the entire tumor antigen was used for vaccination. 

Together, these observations prompted us to design a vac- 
cine that would deliver the T cell epitopes via a mode ensuring 
the induction of protective immunity and that is rationally 
designed, in the sense that only minimal essential epitopes 
derived from one or more rumor-associated antigens expressed 
by the same rumor are incorporated. The approach of using the 
sequences encoding immunogenic T cell epitopes derived from 
(oncoproteins, rather than the entire proteins, has the addi- 
tional advantage of avoiding the potential hazards of immu- 
nizing with agents carrying genes that are, or may be, involved 
in transformation. For ejcanyple, recombinant vaccines for 
cervical carcinoma are intrinsically hazardous if such vaccines 
contain the functional human papilloma virus type lfi 
(HPVIG) early region 6 (E6~) and E7 oncogenes (15, 16). The 
same holds true for vaccines encoding other protein. 1 ; that are 
implicated in the development of malignancies, such as HER2/ 
neu, the aberrant fusion protein BCR-ABL, or mutated Ras 
and p53 proteins. Likewise, the use of vectors encoding 
rumor-speciftc antigens of which the function has not yet been 
elucidated, such as the MAGE genes, has a potential risk, as 
the consequences of (over) express ion of such genes are un- 
known. Through application of recombinant vectors encoding 
string-of-beads arrangements of oncogene-de rived T cell 
epitopes, as opposed to vectors harboring intact oncogenes, 
the introduction of functional oncogenes into the patient is 
avoided. 

Recently, recombinant vaccinia vlrusc* expressing several 
virus-derived CTL epitopes in a scring-of-beads fashion have 
been successfully used to immunize mice (17, 18). These 
studies show the potency of the use of string-of-beads vaccines 
for the induction of antiviral immunity. However, the potential 
risks associated with vaccinia virus, such as encephalopathy 
and postvaccinal encephalitis, as Twell as the decreasing or 
absent (ic younger individuals) immunity to poxvirus, prohibit 
the large scale application of recombinant vaccinia vaccines in 

Abbreviation*; AdSElA, adenovirus type 5 e-irly refiioa 1A; B6 t 
C57BL/6; CTL, cytotoxic T lymphacy te; ER, TOdoplawnic reticulum; 
HLA, human leukocyte antigen; HfV 16, human papilloma viruft type 
16; MEC, mouse embryo celUi MHC, major histocompatibility com- 
plex; mo!, multiplicity oE infection; rAd, recombinant utIenovirus(e3); 
TNF, lumat necrosis factor. ... , ., ~ 
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humans (19). HiR* postvacclnation complication rates tire 
™d parkculLly in alder (ton- **d . >4 y^rs I pn«ry 
vacrinees (20). Therefore, wc amdied the potenhal of) » 
recombinant adenovirus vector (rAd) encoding several CTL 
Ses in a slring-of-bcads fashion. Amacrive features of 
adenovirus-based vaccines are their well-characterized genetic 
arrangement and function, as well as their extensive and safe 
usage in North American army reruns without inducing 
adverse side effect* (21-23). The safety of the currently used 
rAd is even increased by tbe fact rhat these vectors, due to 
deletion of the El region, arc largely replication defective. 

Recently promising results have been obtained by us ana 
others using rAd encoding intaci rumor-as5o<dated antigens as 
vaccines for the induction of protective anti-rumor unmumty 
(13 14, 24, 25). We now demonstrate that a rationally designed 
rAd vaccine, encoding a string-of-bcads arrangement of sev- 
eral CTL epitopes derived from the human adenovirus type 5 
early region 1A (AdSElA). E1B and HPV16 E7 oncoproteins, 
is a highly effective tool for the induction of protective T 
cell-mediated anti-tumor immunity. 

MATERIALS AND METHODS 
Cell Lines. All cell lines were maintained in Iscove's mod- 
ified Dulbecco^ medium (IMDM) (Seromed, Berlin) supple- 
mented with 4% fetal calf serum (HyClone), penicillin (110 
international units /ml; Brocades Phurma* Leiderdorp, The 
Netherlands), and 2-mercaptoetbanol (20 /*M) at 37*C in a 5% 
CO atmosphere. CTL clones were cultured as described 
elsewhere (26-29). 

Generation or rAd. The adenoviral vector construction 
adapter plasmid pMadS was derived from plasmid pMLPlO 
(30) as follows. pMLPlO-lin was constructed by insertion of p 
"tynthetic DNA fragment with unique sites for the restriction 
eadonucleascs Mlul 7 SplL 5?wBI, Spel. AsuU, and Mutil into 
the Hindm site of pMLPIO, Subsequently, the adenovirus 
Bgfll fragment spanning nucleotides 3328-6914 of the AdS 
genome was inserted into the Muni site of pMLP-lin. Finally, 
the SaH-BamHI fragment was deleted to inactivate the tetra- 
cycline resistance gene, resulting in plasmid pMad5. A mini- 
gene cassette vector, pMad5-0, was generated by ligation of the 
annealed and phosphorylated double-stranded oligonucleo- 
tides la/b and 2a /b (see Table 1) into theMwI and Spel sites 
of pMad5. This cloning step leads to elimination of the original 
Mlul and Spel sites and to creation of a small ORF. which 
essentially consists of a start codon, the sequence SEQKU- 
SEEDLNN, a human c-Myc-derivcd sequence, which is rec- 
ognized by mAb 9E10 (31) and a stop codon. A small "stutter" 
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Fia 1 Minigeacs eflcodin B Aeverul CTL epitopes, linked by # 
Miiicer of three alanines. The CrSt nunigene (rAd-1) encode* the 
H-2D^rict C d peptide E1A»"*« (26), the H^M Pgf 
Sic UPV16EV 9 -* 7 (2) the H-^rcamctcd peptide p 53i»- ltifi (49), 
S^SrrteJ pSp» ■KB""- < 27 % "5 . Myc tag (31). Tho 
second rtirntene (rAd-2) tncodea The HLA-A^l-restnCled CTL 
Irinpc HPVlfi (37). *e HLA-A' 0201- dieted peptide 

Ku-rLmx"-* (48). the HlA-A-0201-r M tricted peptide HFV16 
E7H^° (37) the H-2D^restricted peptide ElB l9a " ZDrt (27), ftadu Myc 
tun (3D Both miniseneii urc place behind the AOJ (nujor lute promoter 
(Ad-LMP), which in this configuration a linked so the Acl5 immediuifc 
early enhancer, resulting in Immediate early expression of the mral- 
geaes. 

sequence, flanked by newly generated Mlal and Spsl sites, is 
present between the start codon and the c-Myc sequence. 

pMnd5-l and -2, each of which harbor a roulti-epitope- 
eneodina minigenc, were constructed by unidirectional clon- 
ing of the following double-stranded oligonucleotides into 
P Mad5-0 which had been cleaved with Mlul and Spel. 
pMad5-l: numbers 5a/b, 6n/b, 7a/b,4a/b; pMsd5-2: numbers 
3a/b, 8a/b, 9a/b, 4a/b (see Table 1), After each cloning step, 
the sequence of the inserts was verified by DNA sequencing- 
The recombinant proteins that are encoded by the resulting 
ininigencs ore depicted In Fig. L Expression of these minigencs 
is driven by the Ad5 major late promoter, which m this 
configuration is linked to the Ad5 immediate early enhancer, 
resulting in immediate carry expression of the minigenes. 

rAds were generated through in vivo homologous recombi- 
nation in the Ad5El-transformed helper cell line 91 1 (29) 
between plasmid p JM17 (32). containing the sequence of the 
AdS mutant dI309 t and cither of the plasmids pMad5-l or 
pMad5-2. 911 cells were transfected with 10 txg of plasmid 
pJMl7 in combination with 10 ug of either pMad5-l or 
pMad5-2. The rAds were plaque-purified three times, after 
which the clonal rAds were propagated in 91 1 cells, purified by 
double cesium chloride density gradient ccntrifugation, and 
extensively dialyzed. The presence of replication-competent 
adenoviruses was routinely checked by infection of Hep-G2 
cells. The viral stocks were stored in aliquats with 10% glycerol 



Tabic 1. Olig0nvU«0ti*s u*od foe iht ge-gcraUoa oE rAdV 



In CGCGAATTATGAACGCGTC 
lb GTACGACGCGTTCATAATT 
2a GTACC^'rACTAGTGAACAGAAGCTGATATCAGkGGAAGACCTAAACTO^T 
2b C T AGATCAGTTTACGTCTTCC TCTGATATCAGCTTCT (STT CACTAGTAQ C 
3n cSCGGCAGCTTCCGGTCCTTCTAACACACCTCCTGAGATAGCA^CC 
3b GCTATCTCAGGAGGTGTGTTAGAAGOAC^GAAGCTGC 
4a CTGTAAATATCReGAA^GTTGCTACATTGCAGCTG 
4b CTAGCAG^TGCAATGTAGCAACAATT CCTGATATTTACAG CT GC 
5i, CJGCGGCAGCTACAGTAGGAATTGt'GTGCCCCAT CGCAGCC 
5b GCGATGOGGCACACAATTCCTAGTGTAGCTGC 
6a GCTAGAGCCCATrACAATATTGTAACGTTTGGTGCG 
fib GCAAAGGTTACAATATTGtAATGGGCTCTAGCGGCT 
7o GCTGCCATCTACAASAAGTCACAGCACATGGCTGCRG 
7b ACGCCGAC GGTAGATGTT CTTCAGTGTCGT □ TACCGA 
3a QCT5GAATCGTAGGTTTCGTCTXTACGCTAGCTGCG 
Rb GCTAGAGTAAAGACGAAACCTAGGATTCCAGCGGCT 
9i, ccrTATATGTTAGATTTGCAACCAGAGACAACTGCTGClAG 
9b AGCAGTTGTCTCTGGTTGCAAATCTAACATATAAGCCGCA. 
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*L -S0 o C and iltered by plaque assay using 911 cells as 
described in ref. 29, A . 

Transfection or COS-'? dlls. Transient trar^echon in 
COS-7 cells was performed as described elsewhere (33). la 
short, lOOngprplasmids encoding Ad5El T HPVl6E7, ronrine 
o53 or the influenza-matrix protein together with 100 ng of a 
pF^mid encoding H-2D> H-2K", or HLA-A*0201 was re- 
fected into 1 X 10* COS-7 cells. The trtmsfected COS cells 
were incubated in 100 pJ of IMDM containing S% fetal calf 
scrum for 4S h a( 37 n C, after which 1500-5000 CTL in 25 »l 
of IMDM containing 50 Cerus units (= 300 International 
units) of recombinant intcrl eukin-2 (Cerus) were added. After 
24 h, the supernatant was collected, and its tumor necrosis 
factor (TNF) conlent was determined by measuring its cyto- 
toxic effect on WEHI-164 clone 13 cells as previously de- 
scribed (33). 

Infection of Mouse Embryo Cells (MEC) with rAd. 
C57BL/6 (B6) MEC or HLA-A2-positive SAOS cells (human 
osteosarcoma cells) were infected with rAd diluted in 1 ml of 
IMDM containing 0.5% BSA After 30 rain at room temper- 
ature, 1 ml of IMDM containing 1D% fetal calf serum was 
added. The multiplicity of infection (moi; B6 MEC, 50; SAOS, 
10) was chosen to give at least 80% infected cells. The desired 
moi was determined by infecting these cells wUh Ad RSV0- 
Gal, a rAd carrying the Escherichia coli tacZ gene under 
control of the prom a tor from the Rous sarcoma virus long 
terminal repeat, followed by 5-bromo-4-ehloro-3-mdoryl 0-D- 
galactoside staining 48 hr later- 
Generation of CTL Bulk Cultures. Spleen cells, 5 X 10* per 
well, derived from B6 mice taken 2 weeks or more after 
intraperitoneal immunization with 1 * 10 B plaque-forming 
units of rAd or the replication-defective adenovirus type 5 
mutant Ad5ft 149, were cocul hired for 6 days with 10% 
irradiated (25 Gy) inter feion-? (10 vnite/mi)-treatcd Stimu- 
lator cells in 24-welI plates. Effector cells were used in a 
cell-mediated lymphocyte cytotoxicity assay as previously de- 
scribed (27). 

Peptides, Peptides were generated by solid phase strategies 
on a multiple peptide synthesizer (Abimed A MS 422; Langen- 
fcld, Germany) as described previously (34), 

Tumor Cell Challenge. B6 mice were immunized iatraperi- 
toneally with 1 X 10 K plaqu&-forming units of rAd or the Ad5 
mutant Ad5ttl45> in 0.25 ml of PBS/BSA. Two weeks later, the 
mice were subcutaneously challenged with 0.4 * 10 s Ad5EtA 
+ Ras cells or 0-5 X JO* HPVC3 cells in 0.25 ml of PBS. Tumor 
volumes were measured with a caliper. Animals were sacrificed 
when their rumors grew larger than 1,000 mm 3 to avoid 
unnecessary suffering. 

RESULTS 

The CTL Epitopes Encoded by the Constructed rAd Are 
Processed and Presented to Tumor-Specific CTL. Vaccination 
with recombiriBTiL viruses encoding functional oncoproteins is 
in trin-sieaUy hazardous because it can lead to introduction of 
oncogenes into somatic cells and, thereby, to the development 
of tumor cells at the site of injection- To circumvent this 
problem, we constructed rAd thai.carried synthetic minigenes 
encoding a string-of-bcads arrangement of minim al CTL 
epitopes derived from several of such oncogenes. First, mini- 
genes were assembled in shuttle vector pMad5. Minigene 1 was 
designed to encode four H-2-restrietcd CTL epitopes that were 
presented by different murine rumors of B6 origin (Fig- 1), 
whereas minigena 2 was designed to encode the H-2D - 
restricted ElB 1 * 2 - 200 peptide (as positive control) and three 
HLA-A*020l-binding peptides (Fig. 1). A crucial aspect of the 
design of these string-of -beads minigenes is to permit proper 
processing of tbe recombinant proteins into the different 
immunogenic peptides, As antigenic sequences flanked by 
multiple alanines were shown previously to become efficiently 
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processed relatively independent of the protein context (35). 
we chose to separate the CTL epitopes from each other by a 
spacer of three alanines. 

To test whether the constructed minigenes are able to 
generate the CTL epitopes concerned, they were iransfected 
into COS-7 cells together with plasmids encoding the relevant 
major histocompatibility complex (MHC) class I restriction 
elements. The transected COS^7 cells were used in a TKF 
production assay as stimulator cells for different CTL clones 
recognizing the epitopes present in the minigenes. These 
experiments showed that all four epitopes encoded by nrini- 
cene i and at least two of the four CTL epitopes, for which 
specific CTL clones were available (BIB"*™ and FIu 5 ^) ( 
encoded by minigene 2 were properly processed and presented 
to tumor-specific CTL (data not shown). 

Subsequently, the minigenes were used to generate replica- 
tion-defective rAd. H-2 b -positrve B6 MEC or HLA-A*0201- 
positive SAOS cells infected with these rAd were used as 
stimulator cells in a TNF production assay to analyte whether the 
r Ad-infected cells were able to specifically activate the tumor- and 
virus-reactive CTL clones. Upon infection with rAd carrying 
minigene 1 (rAd-1), peptides El A* 4 ^ 3 , Eltf»™, and HPV16 
E74P-S7 were presented by the infected cells, as the corresponding 
CTL were activated when incubated with B6 MEC infected with 
this virus but not when incubated with B6 MEC infected with a 
control rAd (Fig. 2). By infection of MEC derived from p53 
knockout mice, we were able to show that also peptide p53 I5K - lfir ' 
was efficiently processed and presented lo p53-specific CTL (dat a 
not shown), likewise, the rAd encoding minigene 2 (rAd-2) was 
able to deliver peptides EiB ira-2n " and Flu* 1 -™, to the surface of 
the infected cells in the context of H-2D b (Fig, 2) and HLA- 
A*0201 (Fig. 3), respecQvery. Processing and presentation of the 
HFVlG E7-derivcd HLA-A*0201-restricted CTL epitopes incor- 
porated in rAd-2 could not be tested, because no CTL clones 
specific for these peptides arc currenLty available- In conclusion, 
rAd-1 and rAd-2 are capable of delivering all preselected H-2 b - 
restricted CTL epitopes to tumor-specific CTL, as well as the 
HLA-A*020 1-rcstricted peptide Flu* 1 -"'. 

Vaccination of B6 Mice with rAd Induces Tumor-Reactive 
CTL Activity. Because we found rAd-1 and rAd-2 to deliver all 
H-2 b -restricted CTL epitopes, we analyzed whether vaccina- 
tion with these viruses would induce CTL activity against the 
epitopes concerned. Indeed, bulk T cell cultures derived from 
B6 mice immunized with rAd-1 showed high CTL activity 
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Fro. 2. CTL epitopes encoded by rAd were proceed *i»d presented 
n> mmor-spcdfk CTL Bfi MEC were left uninfected or wet * Infected 
wiui rAd-1 harboring minigene 1, rAd-2, harboring minigene 2, or the 
galadasidaae gene (rAdV-LAC-Z). After 4fl hr, The infected MEC were 
WStt d for the expression of the CTL epitopes In their ability to cause TNF 
release by the relevant CTL The presence of TNF to thft culture 
jnapematiini was measured by the Cytotoxic eifecr on WEHI-164 clone 13 
cells, B6 MEC, infected with rAd-1 harboring ElA 1 *"^ HFV16 
£7*9-57 „ t ElB 1KJfl( Wlerived H-2D b -rcStricxed CTL epitopes, are able 
ro adivale CTL clones specific for these CTL epitopes whereW B6 MEC 
infected with rAd-2 harboring the E1B 1EpC "° epitope Only activate 
A45ElE-*pecific CTL, The CTL Are oot activated upon incubation with 
uninfected MEC or MEC infected vllh a coairol rAd. 
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Fig 3 The Flu-derived epitope eacOd*d by rAd-2 is processed and 
presented to Flu-specific CTL- HLA-A'0201-pOSlllv* S AOS cells were 
Itifficted with rAd and used ua stimulator «Jk in a TNf release assay. 
SAOS cells infected wlih rAd-2. but not with *Ad-l or rAd-LAC-Z, 
activate the Flu-Specific CTL clone Q66\9 t indicating that the Flu- 
derived CTL epitope La processed -.*nd presented. 

against target cells loaded with the peptides ElA^ 34 " 243 , 
E1B i«2-20() i and HPV16 E7 49 " 57 (Figs- 4 and 5). Importantly, 
the resulting CTL also displayed strong anti-tumor reactivity, 
in that tumor cells presenting the relevant CTL epitopes as 
endogcnously processed antigen were efficiently lysed. Wc 
were not able to show p53-specific CTL reactivity under the 
expcriraeqtal conditions used (data rot shown), possibly as a 
result of tolerance to this sclf-pcptide. Vaccination of B6 mice 
with rAd-2 induced CTL activity Only against E1B 19 "" 0 and 
not against the ElA 23 *" 243 or HP VI 6 E7* Vct epitopes (Fig- 5), 
demonstrating that immunization with rAd specifically induce* 
CTL reactivity against the epitopes encoded by the respective 
minigenes. From these data, we conclude that vaccination with 
polyepitope rAd, which encode a recombinant polypeptide 
comprising several CTL epitopes in a string-of-bcads fashion, 
induces strong tumor-specific CTL responses against the pre- 
selected epitopes. 

Induction of Protective Anti-Tumor Immunity by Vaccina- 
tion with rAd, As immunization of B6 mice with r Ad-1 induces 
both E1A- and HFV16 E7-specific CT/L-roediated immunity, 
we studied whether this rAd-induced immunity would protect 
mice against a lethal challenge with tumor cells expressing the 
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Fio. 4. Vaccination with rAd leads to induction of rumor-reactrve 
CTL activity against the El-derived CTL epitopes, B6 mice were left 
aoaimmunized, were inumiuJzed wjib rAd-1, harboring nunigene 1, or 
were immunized with rAd-2, harboring ralnigene 2. Two weeks later, 
.tplecn cella of ihese unhnuls were taken and rcstimulated with 
Ad5El-tranaformed tumor cells to prOpagiiie E1A- and E1B- specific 
CTL. Lytic activity of bulk CTL cultures was tested 6 day*, later On 
AdSEl MEC, untnmhfornied Bfi MEC loaded with the Sendui-virus 
encoded control CTL epitope FAPGNYTAL, *e El A-encotled CTL 
epitope, the ElB-cncOded CTL epitope, or the HPV16 E7-encoded 
CTL cpiropc. Mice immunized with rAd-1 recognise the El A- and 
ElB-encoded CTL epitope* aa well an tumor cell* cndogeoously 
presenting these epitopes. Mice immunized with rAd-2 recognize the 
E1B epitope as well as tiimor cells endofc&nously presenting this CTL 
epitope, whereas nonimmunized mice do not display reactivity against 
the target Cells. Percent specific lysis at different effector to target cell 
ratios is shown. 
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FiG 5 Vacclnafioa with rAd leads to the induction of tnraor- 
reac tive CTL activity directed against theHPV16 E7, H-2t) b -reMriacd 
CTL cplrope. B6 mice were left nonimmunized, were iinmuaaed with 
rAd-1 T harboring minigene 1, or were rmrrmTi irrd *Ith rAd-2, harbor- 
ing mlnlgetie 2- Two weeks later, Spleen cella of these Klimala were 
taken and restlrnulated with HFV16-tr»«$formed tumor cell* to prop- 
agate H-2D b -reatricted t HPV16 E7-apecinc CTL. Lytic activity of bulk 
CTL cultures was rented 6 days later OtI HPV16 MEC, unlmnsfornied 
B6 MEC louded with the SendDi-viruif encoded control CTL epitope 
KAPGNYPAL. the ElA-encoded CTL epitope v the £J5-encoded 
CTL eplEope, or the HFV16 E7-enCOd*d CTL epitope. Mfcc immu- 
nized wlrh i-Ad-1 recognize the HPV16 E7-encoded CTL epitope as 
well v& rumor cella endogenously presenting the HPVlfi E7 epitope. 
Nonimmunized mice add mice immunized with rAd-2 do nor display 
reactivity against HFV16 E7 peptide positive target cells, Fercent 
Specific Jysia at different effector to target cell ratios b shown. 

relevant oncogenes. rAd-immunized mice were challenged 
with either Ad5ElA + EJras~ (13) or HPV16 + EJras- 
transformed (2) tumor cells. Indeed, mice immunized with 
rAd-1. in contrast to mice immunized with rAd-2 (not har- 
boring the El A epitope) or PBS/BSA, were protected against 
the outgrowth of Ad5ElA + Ras tumor cells (Fig. fi). More- 
over, the protection induced by vaccination with rAd-1 was 
more pronounced than that obtained by vaccination with 
irradiated tumor cells, showing that vaccination with rAd is 
superior compared with vaccination with irradiated tumor 
cells. Mice immunized subcutaneous ly or intramuscularly axe 
as equally well protected as mice immunized intraperitoneally 
(Fig. 7), demonstrating that rAd function as effective anti- 
tumor vaccines when administered vU different routes. 

rAd»14rnmunized mice were protected not only againsr 
AdSElA + Ras tumors but also against an otherwise lethal 
challenge with HPVlfi + Ras-tcansformed tumor cells (Table 
2). Thus, vaccination with polyepitope rAd constitutes a 
powerful method to induce protective anti-rumor immunity 
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Fig, 6. Vaccination with rAd-1 induced protective immunity 
igainat a lethal challenge with Ad5ElA««rpres!ung rumor cells. BS 
mice were immunized hitraperitoneally with rAd-1 (n = 7), xAd-2 (n = 
S), or the Acl5 mulant (Ad5ElA-poaitivc) Ad5fcl49 (n » 7) or were 
injected with PBS/BSA (n - S) only. Two weekx brer, the mice 
received a subcutaneous challenge of 0.4 X 10 fi AdSElA + Ru$ ct"s- 
MiCft ifflmuorzed with rAd-1 and Ad5^149 were protected agnbst the 
Outgrowth of AdSElA + EJrnA cells, ^ how Lag that unnnmization with 
rAd induces protective immunity against tumOr*- 
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PlQ. 7. Different route* Of vaccination with rAd induce protective 



with rAd-2 (n = 8). Two weeks later, the mi«* r*caivtd a MibcuianeOufc 
cfciiklleuce of 0.4 x 10* AdSElA + Rna cells. Mice immunized 
intniperhoneally, mtranniSGubrly, Or subcuraneausly with rAd-1 tf** 
protede (X ngiiiflfli AdiElA 4- EJras cellfc 

directed against multiple selected CTL epitopes derived frorn 
different oncogene products. 

DISCUSSION 

A single vaccination with rAd encoding multiple CTL 
epitopes, derived from different oncoproteins and arranged in 
a string-of-beads fashion, can elicit CTL responses against 
these epitopes- The resulting CTL are capabte of Jysing tumor 
cells presenting these peptides. The ability to induce CTL 
responses against one oprotein-derived peptides by immuniza- 
tion with such poryepitope rAd offers a Clear advantage over 
immunization strategies in which vectors carrying functional 
oncogenes are used, in that it largely eliminates the risk of 
transformation of recombinant vector-infected cells. More- 
over, CTL activity can be induced against multiple (onco)gene 
products expressed by the same tumor cell, as illustrated by the 
induction of both E1A- and ElB-specific immunity after 
immunization with rAd-1. The similar approach can be taken 
for cervical carcinoma. In the majority of cervical carcinomas, 
both the KPV-encodcd oncoproteins E6 and E7 are consti- 
rucively expressed because they ore required for maintenance 
of the transformed state (15, 16), By introducing iuLo rAd the 
HPV16 E6 and E7-derived CTL epitopes that bind to HLA- 
Al, A2. A3, All, and A24 (36. 37), a powerful and versatile 
poly epitope vaccine against HFVl6-induced cervical c ard- 
noma may be created. As this vaccine would induce CTL 

Tabic 2. Vaccination with rAd-1 induces protective iminv*aity 
aguinSC HPVlMfaLnsformtd nimoru 





Tumor-take" 


E*p- 1 




None 


8A0 


rAd-1 


2/10 


Ad5ml49 


6/10 


Exp, 2 




None 


10/11 


rAd-1 


3/10 


A05CS149 


10/10 



B6 mice were left untreated or were immunized intfaperiioaeiilly 
with 1 x 10* pbqufc-forining uniis of rAd-1 or AdSts 149 as coatrol. 
Two weeks Inter, the mice received a aubcutuneouvS challenge of 0.S X 
10 fi HPVlA-iransfornied tumor cells (2). (8/10 va. 2/10, P < 0,05; 
10/11 vs. 3/10, P < 0.01; Tukey-Kramer multiple comparisons t©*t,) 
■Tumor-take is depicted at 3 weeks after tumor cell challenge ua 
tumor-bearing aiuinala /number of mice. 
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immunity against multiple epitopes derived from two proteins 
required by the tumor for malignant growth, the risdc of 
tumor-immune escape by antigen loss or antigen mutation is 
relatively small. Furthermore, based on the occurrence of the 
different HLA-A alleles in the Caucasian population, this 
vaccine could be applied to the majority (>90%) of people in 
this population- 
Many Of the CTL epitope-speeific vaccines directed against 
oncogenic- proteins, which have been tested in previous studies, 
were based on synthetic peptides. Although in many cases 
peptide-based antf-tumor vaccination strategies were success- 
ful (2> 12). in other cases such vaccines were shown to induce 
CTL unresponsiveness, leading to enhanced tumor outgrowth 
(13, 14). The latter was shown by immunization with synthetic 
peptides representing the CTL epitopes E1A 234 "" 2 * 3 or ElB ,m_ 
hp, the same peptides that axe incorporated in our rAd 
vaccines. Vaccination wilh these peptides induced a functional 
deletion of El A- and EiB-spccific CTL, respectively, and led 
to enhanced outgrowth of AdfEl ( A)-transf orroed tumor cells. 
We now show that these CTL epitopes, when delivered by rAd, 
induce protective anti-tumor immunity, demonstrating the 
advantage of rAd over synthetic peptides for use in epitope- 
speciEc vaccina tion. 

Two of the four CTL epitopes present in rAd-L E1A W " W 
and HPV16 E7*^ 7 , induce only Huboptimal CTL responses 
when irradiated tumor cell are used for vaccination (5,14, 28). 
The CTL response induced by immunization witb HP VI 6- 
induced tumor cells is predominantly directed against a hith- 
erto unidentified CTL epitope (28), whereas immunization 
with AdSEl-transforrned tumor cells, expressing both the 
E1A- and ElB-eneoded CTL epitopes, is primarily directed 
against peptide ElB 1 * 2 ^ 0 (5, 14). The "sub dominant" nature 
of the E1A epitope, when present in a tumor cell vaccine, is 
also reflected by the fact that vaccination with irradiated 
AdSElA-expressing rumor cells induces only a marginal pro- 
tection against a challenge with AdSElA + Ras cells. In 
contrast, vaccination with rAd-1 elicits strong "co-dominant" 
CTL responses directed against all three CTL epitopes- 

For optimal CTL induction by vaccines that encode several 
CTL epitopes in a string -of-bcads fashion, it is obligatory that 
all CTL epitopes are properly processed and presented in the 
context of MHC class 1 glycoproteins. In the MHC eluss I 
pathway of antigen presentation, cellular proteins are de- 
graded in the cytosol, resulting in peptides that arc transported 
by TAP into the endoplasmatic reticulum (BR)- Here, they 
assemble with the MHC class I heavy chain and 0 a - 
microglobulin to the trimolecular MHC complex (38). Con- 
sequently, the efficiency by which proteolytic degradation in 
the cytosol and transportation of the resulting peptides in to the 
ER takes place is a key factor in determining whether a given 
peptide is presented in the context of MHC class I molecules. 
Indeed, B6 MEC derived from transporter associated with 
antigen processing (TAP)—/— mice, when infected with rAd-1 
or rAd-2, were not able to stimulate the E1A-, HP VI 6 E7-, 
p53-* or ElB-spccific CTL (data not shown), indicating that 
TAP-mediated transport of the rAd-encodcd CTL epitopes 
ixi to the ER is mandatory. One of the majorproteoly tic systems 
responsible for degradation of cvtosalic proteins is the pro- 
teasorne complex (39). It has been shown that tbe cleavage 
preference of the proteasome can define the antigenic poten- 
tial of a protein (40) or even result in a lack of antigen 
presentation of CTL epitopes (41). Our data indicate that in 
pohyepitopc rAd-infccted cells, the generation and subsequent 
transportation of the CTL epitopes was efficient, ensuring 
CTL activation m vitro and in vrvo- Konetheless, flanking the 
CTL epitopes with proteasomal cleavage sequences other than 
the triple alanine used in our minigene constructs might 
fuxLher improve the ability of polyepitope rAd to elicit immune 
responses (42). 
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The ability to produce Urge quantities of purified virus with 
relative ease makes rAd very attractive for clinical use Most 
importantly, rAd can be safely appli&d «° human be togs 
because they rarely integrate into toe hose genome and there- 
fore ha^c little chance to activate d dormant oncogene or 
disable a rumor suppress & ene (43). Adenoviruses are ex- 
tensively and safely used in vaccination of North American 
army recruits without causing side effects (21 „ 22). Further- 
more the use af rAd vectors from which the El region Is 
deleted minimizes the risk of propagation of the virus, as 
replication of such viruses under physiological conditions is 
severely compromised. Recently, rAd have been applied both 
in nonhuman primates and in phase I clinical trials for the 
correction of the genetic deficiency underlying cystic fibroses 
without inducing any severe side effects or toxicity (44-47). 
Using well defined murine tumor models, wc now demonstrate 
that polyepiiope rAd constitute powerful vaccines that canbe 
employed for the induction of strong tumor-pro tective CTLr 
mediated immunity directed against different transforming 
oncogene products. Tumor protection was not only reduced .by 
intraperitoneal injection of rAd but also after vaccination 
routes that are easy to carry out in patients (subcutaneous and 
intramuscular). Folyepitope rAd, therefore, have significant 
potential for use as vaccines in the immunotherapy of cancer, 
as well as in infectious diseases such as AIDS, which requires 
multiple T cell responses to be activated and boosted. 

This work wi,* stoned by die Dutch Canwar Foundation (Grand 
93-5BS 95-1089, and 97-1450) and The Netherlands OrgnnbiitlOfl for 
Scientific Research (Program PGN 901-01-096). 
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Abstract 

Epstein-Ban virus (EBV) provides one of the most informative systems with 
which to study cytotoxic T lymphocyte (CTL) responses in humans. The virus 
establishes a highly immunogenic growth-transforming infection of B lympho- 
cytes, associated with the coordinate expression of six virus-coded nuclear anti- 
gens (EBNAs U % 3A, 3B, 3C, -LP) and two latent membrane proteins (LMPs 
1 and 2). This elicits both primary and memory CTS + CTL responses that arc 
markedly slowed toward HLA allele-specinc epitopes <frawr> &om the EBNA3A, 
3B, 3C subset of latent proteins, with reactivities to other antigens being generally 
much less frequent. This hcirarchy of immiinodominance among the different 
latent proteins may at least partly reflect their differential accessibility to the HLA 
class I-proceSBTng pathway. Furthermore, CTLs to some Of the immunodomi- 
nant epitopes involve highly conserved T cell receptor (TCR) usage, a level of 
focusing which evidence suggests couldhave rmmunopathological consequences 
from cross-reactive recognition of other target structures. EBV is associated with 
a range of human tumors, and mere is increasing interest in the possibility of 
targeting such malignancies using virus-specific CTLs. The dramatic reversal of 
EfeV-driven lymphoprolifcratioufi in bone marrow transplant patients following 
CTL infusion demonstrates the potential of this approach, and here we discuss 
prospects for its extension to other EBV-positivc tumors in which the immun- 
odonunant EBNA3A, 3B, 3C proteins are not expressed. 
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INTRODUCTION 
Eostein-Ban- virus (EBV), ahuraangao^^ 
2SS5«^ 1- potent cell growt^Won^ abWty 
by the vast majority of individuals as a life-long asymptomatic infection. The 
Jowth-trarsfonning function of the virus maps to a V^Buf^B^ 
latent genes, which are coordinate* expressed in the atmtly infected Jm* 
nhoblastoid cell lines (LCLs) that arise following viral infection of resting 
B cells in vitro. These genes encode eight latent proteins, the^lear antige a 
EBNAs 1, 2, 3A, 3B, 3C, and -LP (sometimes referred to asEBNAs 1, 2 3 4, 
6 and 5, respectively) and the latentmonbraneproteinsLMPsl and2. Allelic 
polymorphisms in the EBNA2, 3A. 3B, and 3C genes define two broad types 
of EBV isolate, types 1 and 2 (sometimes referred to as A and B), which show 
subtle differences in traiisformuig function. The role of the latent proteins in the 
cstabnshment/maintenance of the transformed state has recently been reviewed 
(1), and here we concentrate only on their importance as targets for immune 

recognition. . . . 

Work on the immunology of EBV infection has for many years gone hand in 
hand with virological studies examining the biology of the virus-host interac- 
tion This broader scenario is also the subject of a recent review (2) from which 
the following essential points can be drawn- In most human populations, pri- 
mary EBV infection occurs during the first few years of life, when it is almost 
always asymptomatic. The tendency toward delayed primary infection now 
being seen >n Western societies, therefore, constitutes a novel situation in evo- 
lutionary terms and, very interestingly, apxoportion of these late infections arc 
clinically manifest as infectious mononucleosis (IM) . During primary infection, 
orally trarismitted virus replicates locally in oropharyngeal epithelium, with ex- 
pression of the full array of rephcative (lytic cycle) genes (3), and the virus also 
colonizes the lymphoid system through virus-driven expansion of infected B 
cell clones selectively expressing the latent cycle genes (4). This results in a 
life-long vims carrier state in which latently infected B cells constitute the reser- 
voir upon which viral persistence depends; periodic reactivation of B cells from 
latency into lytic cycle can then reinitiate rephcative foci, leading to low-level 
shedding of infectious virus from mucosal surfaces throughout life (2). 

Host immune responses are thought to be of central importance both in lim- 
iting the primary infection and in controlling the lifelong virus earner state. 
Serological studies have shown that the primary and persistent phases of in- 
fection are associated with different combinations of antibody reactivities to 
lytic and latent antigens O). Of these, antibodies to the major virus envelope 
glycoprotein gp340 warrant particular attention because of their capacity both 
to neutralize viral infectivity (5, 6) and to mediate antibody-dependent cellular 
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cytotoxicity against cells in the late phase of vims replication (7)- The bal- 
ance of evidence suggests that such responses do not play a major role in 
controlling an already established EBV infection, although they may be im- 
portant in rendering such an individual immune to subsequent infection with 
additional exogenously transmitted virus stains. Even here, however, it is 
questionable whether humoral immunity alone is sufficient to confer protects* 
(8) By contrast, the frequency with which EBV-positive lymphoprolif bmtiye 
disease (9) and clinicaUy apparent vims replicatfvc lesions (10) are seen m 
T ceU-iinrnunocompromised patients strongly suggests an important role for 
cell-mediated immune responses in the control of EBV A number of effector 
mechanisms are likely to be involved in this context, and some appreciation 
of their diversity comes from the variety of reports in which other cell types 
within blood mononuclear cell preparations can either delay or prevent the 
virus-induced in vitro transformation of resting B cells (2). Several of these 
effects are seen with nonimmune as well as with vims-immune donors, and they 
appear to be mediated by cytokine release from nonspecificalty activated T or 
NK-like cells. The most obvious disturbance of in vitro transformation, how- 
ever, is the regression of B cell outgrowth mediated by virus-specific cytotoxic 
T lymphocytes (CTLs), a phenomenon seen only in cultures from virus-immune 
individuals and one that provides the first evidence of long-term CTL surveil- 
lance over EBV infection (1 1). It is this type of immunity that has received 
most attention in recent years and that is the subject of this review. 



MEMORY CTL RESPONSES 
Antigen Choice 

Memory CTLs in the blood of healthy virus carriers can be reactivated in vitro 
by stimulation with the autologous LCL and expanded as polyclonal T cell 
lines or as CTL clones in interleukin 2 (IL2>-conditioiied medium (12-14). 
The bulk of the effectors thus produced are CD8 + T cells that recognize the 
autologous LCL but not autologous rmtogen-actjvated B lymphoblasts and that 
display HLA class I restriction in their pattern of reactivity against allogeneic 
LCLs. Theresponse also contains a much smaller CD4+ HLA class H-restricted 
cytotoxic component, apparent under certain conditions of in vitro reactivation 
(15) bat these effectors are much less well characterized When the antigenic 
specificity of the dominant CD8+ CTLs was assayed on targets expressing 
individual EBV latent proteins from recombinant vaccinia vectors (16) S even 
the earliest studies showed a marked skewing of responses toward the EBNA3A, 
3B, 3C subset of antigens (17-19). Since then the analysis has been extended 
to more than 60 healthy vims carriers representing a range of different HLA 
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types, and in the great majority of cases, the dominant CTL reactivities arc again 
Erected toward one or more of the EBNA3 A, 3B, or 3 C proteins In somecasc^ 
subdommant responses recognizing other latent proteins have been detected; 
themo^frc q uenttargetisLMP2, less frequently EBNA2 5 EBNA-LP, orlMPl, 
and very rarely if ever EBNAl (17-20, and references below). 

These apparent differences in the irnmunogenicity of EBV latent proteins are 
interesting, butitshouldbe stressed matstudiesto date have concentrated largely 
on Caucasian donors and on CTL responses to LCU transformed with type 1 
virus the prevalent virus type in Western societies. Furthermore it is possible 
thatiheoveraUpatiemofrc^ 

HLA alleles such as A3, Al 1, B7, BS, and B44, which are relatively common 
in Caucasian populations, which tend to act as strong restriction elements m 
the EBV system, and which present target antigens from the EBNA3A, 3B, 
3C subset (18, 21-26). Interestingly, another common HLA allele, A.1, has 
never been observed to mediate a response in this viral system, while the most 
frequent allele, A2.01, tends to be a weak restriction element inducing minor 
reactivities against epitopes frornEBNA3C orLMP2 (27-29). Recent evidence 
in fact suggests that HLA-B alleles may generally be more efficient than HLA- 
A alleles in their loading and transport of viral peptides (R Khanna, DJ Moss, 
unpublished data). 

Antigen Processing 

The concept of a hierarchy of immunodominance among the EBV latent anti- 
gens is therefore a provisional ore and needs to be tested further in other human 
populations with a different range of HLA alleles and a afferent spectrum of 
resident virus strains. Nevertheless, one of the most striking findings to emerge 
from the above work, namely the extreme rarity of CDS+ CTL responses to 
EBNAl, has been further pursued in a rcecnt study which suggests that an in- 
ternal glycine-alanine repeat (GAr) domain protects the EBNAl protein from 
the HLA-class I pathway of antigen presentation (30). Thus, inserting a known 
CTL epitope into the EBNAl primary sequence renders it not presentable to 
CDS+ CTLs from the endogenously expressed chimeric protein unless the GAr 
domain is deleted; conversely, insertion of the GAr domain into the EBNA3B 
sequence greatly reduces the efficiency with which EBNA3B epitopes are pre- 
seated for CTL recognition. Significantly, all natural EBV isolates do show 
conservation of the EBNA 1 GAr domain even though this domain is not required 
for the principal function of EBNAl, namely maintenance of the episomal viral 
genome in latently infected cells (31, 32). This may reflect the importance to 
the virus of rendering nonirnmunogenic the one viial protein whose expression 
is likely to be essential for virus persistence. 

The implication from the above work is that accessibility to the HLA class I- 
processing pathway could be one important factor determining the relative 
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immunozeiucily of antigens for CTL responses. The conventional route of 
Sotbly vLC P Sosome system, (he delivery of derived peptides from the 
^bseq^tbLingofMghafBnatypeptidesbynascentHLAmolec^ 
to form stable pepti.de/HLA complexes for presentation at the wE. 
i33 34} The exacting protection from processing mediated by the UAi do- 
main of EBNAl woiud most easily be explained if it affected the protean s 
accessibility to the initial proteolytic cleavage, presumably by the proteosorne^ 
There is no reason to suspect that EBNAl would be sundarly protected from 
fce HLA class II processing pathway; indeed CD4- HLA class II-restncted 
CTLs have b=en detected that map to an EBNAl epitope and that recogoiae 
LCL eeUs to -which EBNAl has been supplied as an exogenous antigen W5 , K 
Khanna, DJ Moss, unpublished data). More surprisingly, however, ™reCD8 
HLA class I-restricied CTL responses to EBNAl have now been detected in 
the memory of two virus-immune donors (N Blake, SP Lee, AB Rjckinson, un- 
published data), suggesting that the GAr-mediated protection from processing 
may on occasion be overridden. 

A second unusual feature of antigen processing m the EBV system involves 
the subdominant target antigen LMP2. Thus, experiments in a TAP-negatwe 
LCL background show that, while EBNA3A, 3B, and 3C proteins are not pre- 
sented for CTL recognition in this environment, some CTL epitopes within 
LMP2 are still presented (36, 37). This is only the second documented exam- 
ple ofTAP-mdependentprocessiiig of an endogenously expressed viral protein; 
the first was HTV-cnv, a molecule that naturally translocates into the endoplas- 
mic reticulum (ER), where it is thought to become exposed to ER proteases 
(38 39) LMP2, by contrast, has short cytosolically located N- and C-termini 
and a central hydrophobic region composed of 12 tandemly arranged trans- 
membrane domains with very little projection into the endoplasmic reticulum 
(1 40 41) The mechanism whereby epitopes situated within transmembrane 
domains can be presented in a TAP-independcnt manner remains to be deter- 
mined. However, by analogy with topologically similar ER proteins (42-44), 
a fraction of newly synthesized LMP2 molecules may be subject to ubiquitm- 
raediated proteosomal cleavage after membrane insertion, and this may release 
fragments that can then access the ER lumen. 

Epitope Choice 

Many of the above EBV latent antigen-specific CTL responses have now been 
mapped to defined epitopes within the primary sequence of these protems. 
A complete list of these epitopes, including several recently identified m the 
context of less commonHLA alleles, is shown in Table 1. This serves to illustrate 
the concentration of HLA class I epitopes in the EBNA3A, 3B, 3C proteins 



Table 1 EBV-cacoded CTT- Epitopes 



EBV antigen 



Epitope 
co -ordi nates 



Latent cycle 
EBNA1 

EBNA2 

EBNA3A 



EBNA3B 



EBNA3C 



antigens 

407-417 
5 J 5-527 
42-5) 
280-290 
158-166 
176-184 
246-253 
325-333 
379-3*7 
406-414 
450-^58 
458-^66 
491-499 
502-510 
596-604 
603-611 
101-115 
149-157 
217-325 
244-254 
399-408 
416-424 
481-495 
43S-496 
551-563 
657-666 
S31-S39 
163-171 
213-222 
249-258 
258-266 
271-278 
281*290 
284-293 
335-343 
343-051 
88I-S89 



EBNA-LP 
LMP2 



131-139 
200-208 
236-244 
329-337 
340-350 
419-427 
426^34 
442-451 
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B44.02 
A2.01 
B44.02 
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70 
25 
24 
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22 

22 
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Table 1 (Continued) 



. HLAtestricuon EBV type 

Mn.HM Class I CU»n specificity Reference, 



EBV antigen cQHOidinros Epitope «quence 



Lyric cyoU antigens t 74 

BZLFl 190-197 RAXPKQLL B8 » 

186-201 IRKCCRAKPKQLLQHYR} C6 * £ 

73 
73 
73 



BMLF1 265-273 KDTWLDARM 

280-288 GLCTLVAML A2.01 *t 

397^405 DEVEFLGHY BJS 1" 

B MRP1 86-1 0G [FRKLAVGRTCVLGKEj C3 



268-276 rit&uiiAv v — 
BHRfl 171-189 aOLTL SL LV1 OS YLFISR.G DR2 Tv P c 1 72 

497 far J-MM (calculated &om die 5D qiifiiBC of Ac refer cnc 0 type 1 EBV strain, 
r 1 ftfftfiketed scan Slices indiciiB dial xhc minimal epitope u dm yet defined. 
i^^^™™^dl>»t epitope M.4fcd.*« CTL, type 1 EBV-icfacied donors, 
unp.— unpublished Irani withers' Laboratories. 

(vis-a-vis nonpreferred antigens such as EBNA1, EBNA2, EBNA-LP, and 
LMP1) and also draws attention to the increasing number of subdoinrnant re- 
sponses that map to epitopes in LMP2. Such a distribution cannot be wholly 
ascribed to differences in size between the eight coexpressed latent proteins (see 
Table 1 footnote), nor to any obvious differences in their levels of expression 
in latently infected cells ( 1 ) . 

It is clear that epitope choice is highly aUde-specific. Thus, although many 
different HLA alleles direct responses toward the EBNA3A, 3B, 3C proteins, 
each allele presents a particular set of CTL epitopes. The only dear exam- 
ple of epitope sharing involves three closely related subtypes of the B27 allele 
(B27 02 .04, and .05), all of which present the same immunodominant epi- 
tope from EBNA3C (45). Even here, however, each subtype also presents a 
second epitope that is subtype-specific (J Brooks, AB Riekinson, unpublished 
data) Secondly, epitope choice is highly focused in that individual alleles 
rarely present more than two or three peptide epitopes, one of >*hich tends to 
be iimmun^oininant Thus a strong HLA-rcstxicting allele such as B8 ^jes 
a response to one particular immunodominant epitope (EBNA3A 325-333) 
and to one subdominant epitope (EBNA3A 158-166) in almost all BS-positxve 
individuals (24, 25, 46; DJ Moss, unpublished data); likewise Al 1 induces > a re- 
sponse to EBMA3B 416-^24 as the immmodominant epitope and to EBNA3B 
399^408 as the subdominant epitope in most Al 1-posiuve individuals (22). 

Recent studies suggest that the irnmunodominance of one epitope over an- 
other restricted through the same allele reflects differences in their levels of rep- 
resentation as peptide/HLA complexes at the LCL cell surface (47), Tims, the 
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EBHA3B 416^24 peptide was at least tenfold more abundant tfaanEBNA3B 

the longer half-life of 416^24/All complies when measured at the surface 
of Irving cells, even though the two types of con^lex were equally stable imder 
a number of conditions in cell-free assays. This difference in ^senUtion 
at the membrane could also help to explain why CTLs to the 416-424 hqpi- 
tooe kill naturally infected LCL targets much more efficiently than do CTLs 
to the 399-408 epitope, whereas these two types of effector cell can recognise 
peptide-loaded targets downto equally low concentrations of exogenous pepUde 
(47) More generally, a number of in vitro-reactiwated CTL clones that map to 
EBV epitopes in peptide sensitization assays and that can recognize target cells 
overexposing the relevant EBV antigen from a vaccinia vector nevertheless 
do not kill the naturally infected LCL. This may again reflect the fact that, tor 
such clones, the level of representation of the relevant peptidc/HLA complex 
at the LCL surface is insufficient to trigger lysis (21). 

Table 1 also indicates whether these CTL reactivities are type-specific or 
cross-reactive between type 1 and type 2 virus strains. Not unexpectedly, since 
the allelic forms of EBNA3 A, 3B, and 3C differ at 16%, 20%, and2S% of their 
residues, respectively (48), many of the immunodorriinant CTL responses in 
type L -infected individuals map to epitopes mat are not conserved in type 2 
viruses. Furthermore, the first studies to be conducted on type 2 vuus-mfected 
individuals have likewise detected responses to epitopes m EBNA3A and in 
EBNA3C that are type 2-specific (28; IS Misko, unpublished data). By com- 
parison, relatively little sequence diversity is found in the LMP2 protein, and 
many of the CTLs to LMP2 epitopes appear to be cross-reactive between virus 
types (27, 29). As to variation among EBV strains of the same type, certain 
epitopes were found to be well conserved across a range of type 1 isolates, for 
example, those restricted through the B8 and B44 alleles (49, 50). Likewise the 
Al 1 epitopes EBNA3B 416-^24 and 399-408 were conserved in most type 1 
strains from Caucasian and African populations; interestingly, however, these 
sequences were altered in isolates from China and coastal Papua New Guinea 
(5 1 52), two areas where the prevalence of the Al 1 allele in indigenous popula- 
tions is extremely high. That the changes specifically involved anchor residues 
affecting peptide/All binding and resulted in a failure of CTL recognition 
(5 1 , 52) strongly suggested that such Al 1 cpitope-loss mutations had been se- 
lected by irnmune pressure in these particular communities. This remains an 
intriguing possibility, but more recent data suggest that Southeast Asian virus 
strains, though pred^ininantly type 1, are clearly distinguishable from type 1 
Caucasian/African isolates by means of sequence microheterogeneity at various 
sites in the EBNA3A, 3B, 3C genes (50, 53; R Khanna, DJ Moss, unpublished 
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data) Some of these lie outside known CTL epitope regions, whereas others al- 
£ i Snicity Of epitopes restricted through HLA-alleles tar not even 
SSe^ed in tiTse SouthLt Ask* populations. 0«»-^ ™V - Jj 
fiom isolated highland regions of Papua New Guinea, where the AU aUele 
SeLy is ver^low, show the same spectrum of All W"^^ 
« do vkuses from the above highly All-positive populations (5 0- »«g 
therefore be that these differences in All epitope sequences are coincidentol 
markers of a particular geographically restricted viral genotype (2) rather than 
the specific product of CTL-mediated selection. 

T Cell Receptor Usage 

Another interesting feature of EBV-induced CTL memory that has recently 
begun to receive attention^ its TceU receptor (TCR) usage. Regalements of 
theTCR« and p chain genes during T cell development provide a vastpotenUal 
for diversity in TCR <tfi heterodimers, particularly in the bypervanable CDR3 
region that is postulated to interact directly with peptide epitopes (54). It is 
therefore remarkable that in several BS-positive individuals, the B8-restncted 
response to the irrimimodominant EBNA3 A 325-333 epitope was found to be 
largely composed of clones with the same highly conserved TCR «/? structure 
(55) Suchalevelof conservation in TCR usage is significantly greater than has 
been seen within epitope-specific CTL responses in other human viral systems 
such as influenza or HTV (56-58). This raises the possibuirythat loiig-teirn 
antigenic challenge with EBV, a virus (unlike influenza or HTV) that is both 
persistent and genetically stable, may progressively select for those memory 
CTLs with maximal afBnity/avidity for the relevant peptide/HLA complex (see 

nS ]hwi U t bTiter e sting, therefore, to determine the level of TCR focusing within 
memory CTL responses to other EBV epitopes. In this context, B8-restocted 
memory to the s ubdominantEBNA3 A 158-166 epitope appears to be more het- 
erogeneous in TCR usage than that described above for me immunodominant 
EBNA3A 325-333 response (SL Sums, DJ Moss, iinpublished data). However, 
the situation in relation to Al 1-restricted memory populations appears to be re- 
versed in that responses to the immunodominant EBNA3B 416-424 epitope 
are quite heterogeneous both within and between different All-positive indi- 
viduals whereas responsesto the S ubdominantEBNA3B 399^08 epitope tend 
to use sets of highly related TCRs (59). These authors propose that epitopes 
such as EBNA3B 399-408, which are present in limiting amounts on the LCL 
membrane (47), will tend to induce more focused responses involving only 
those CTLs whose receptors show high affinity/avidity for to peptide/HLA 
complex. 
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Further analysis of the BS-restricted response to the imm«nodO*toarrt 
EBNA3A 325-333 epitope showed that all memory CTL clones with the highly 
co^vcVtcRs^^^ 

EBV-negauve target cells expressing the B44.02 alloantigen (60). In feet, such 
is the level of this EBV epitope-specific memory in BS-positrve vnus earners 
that their alloreactive responses to B44.02 in conventional mixed gliacyte 
culture are dominated by CTLs from virus-specific memory with the relevant 
highly conserved TCR. This graphically illustrates how a prior kf*^. « m ; 
5 with an immunogenic virus such as EBV can influence an indiv^uals 
IcvelofrespcusrvcnesstoanaUoantigen.su^ 

served clinical association between herpesvirus status and graft-vs-host disease 
in bone marrow transplant patients (61). The above cross-reactivity is presum- 
ably recognizing a complex ofthe B44.02 alloantigen and a naturally processed 
self-pcptide; not surprisingly, therefore, T cells with this particular TCR are not 
detected within the EBV-induced memory CTL population in individuals with 
both the B8 andB44.02 aUeles. Interestingly, however, such individuals do soil 
makearesponse to Ihe EBNA3A32S-333/B8 complex throu^ a variety of drf- 
ferentTCRs indicating the levels of reserve strength that exist within the 1 OK. 
repertoire in the response to a particular target structure (62). More recent work 
has shown that cross-reactivity within the EBNA3 A 325-3 33 response in B8- 
positive individuals is not limited to B44.02 only, and that certain less frequent 
components of the response recognize either B14 or B35.01 as aUoanugens. 
In the latter case, some evidence suggests that the alloantigen-associated self- 
peptide is derived from the liver-specific cytochrome p450 (SR Barrows, DJ 
Moss, unpublished data). This is a particularly intriguing example of molecular 
inimicry with potential relevance to the pathogenesis of autoimmune hepatitis, 
a liver disease with a suspected EBV association and a strong link to HLA-B8 
(63). 

PRIMARY CTL RESPONSES 

The prospective study of IM patients represents potentially one of ihc best 
opportunities to monitor the primary human CTL response to a viral infechon 
and to follow its subsequent establishment in T cell memory. Progress m this 
area has been relatively slow, however, because the expanded CDS T cell 
population in IM blood was found to contain several cytotoxic components 
in ex vivo assays; in particular the presence of CTLs showing cross-reactive 
recognition of all oHLA molecules made it difficult to discemany HLA class I- 
restrictedlysis of LCL targets and hence any clear indication of EBV specificity 
(64-67). The specificity ofthe response was further called into question by 
a report that certain Vj9 subsets were consistently expanded within the T cell 
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populaUonoflMpatients, suggesting the hrvorvamentofavijys.codedorvmis. 
induced superantigen as the stimulus (68; see also next section). 

A number of these issueshave recently beenrecxarain^ and a clearer picture 
isnow emerging. First, fheCD8 + population inlM does show significant expan^ 
sions of up to30% of cells from particular Vfi subsets; however, the evidence 
suggests that these are antigen^iriven and do not constitute^ superantigen-like 
rejonsc. Thus, different Vfi subsets are affected in different patients and 
very significantly, these V0 expansions tend to show a markedly ohgoclonal 
rather than polyclonal pattern of TCR usage, often with a single TCR struc- 
ture dorninant (69). Second, IM effectors have now been screened directly 
for EBV antigen and epitope specificity in ex vtvo cytotoxicity assays using 
the recombinant vaccinia vector and peptide approaches. These assays have 
detected unequivocally an EBV-specific CD8+ CTL response in 3M that again 
is skewed toward a limited range of epitope peptides, most of which are derived 
from the EBNA3A, 3B, 3C subset of latent proteins (70). However, the pri- 
mary response is not simply an exaggerated version of that subsequently seen in 
T cell memory; thus, the relative frequencies of individual epitope specificities 
may alter with the shift from primary to memory, and occasionally a particular 
specificity may be lost altogether. Do the oligoclonal V0 expansions seen in 
IM blood correspond to EBV-specific responses, and do these particular clones 
enter memory? Preliminary studies on B8-pasitive IM patients, where there 
was a detectable primary response to the EBNA3A 325-333 epitope, clearly 
show the expansion of T cells with the same highly conserved TCR rearrange- 
ment as that already identified for this epitope in the memory of healthy carriers 
(69, 71). In this case, therefore, clones with the relevant TCR are present within 
the primary response. Longer-term studies axe needed to determine* whether 
these are preferentially selected into memory at the expense of coresident clones 
recognizing the same epitope but via different TCR structurcS- 

Another interesting feature of the primary response is the presence of CTLs 
recognizing lytic cycle as opposed to latent cycle antigens. The first such re- 
activity to be described mapped to an epitope in the BHRF1 protein (an early 
lytic cycle antigen) but was unusual in being HLA class H-restricted and me- 
diated by a rare CD4 H " CD8 + T cell (72). It is now clear, however, that CD8 + 
HLA class I-restricted CTLs to immediate early or early lytic cycle antigens 
are frequently detectable in the blood of IM patients. The best example to 
date is a B8-rc$tricted response, directed against an epitope in the immediate 
early protein BZLF1, which in some patients may be even more abundant than 
the response to the mimunodominant latent cycle epitopes (73). This BZLF1- 
specific reactivity was actually first detected in the memory of virus earners 
following in vitro stimulation with a BZLFi peptide pool (74). Identifying 
the full range of lytic antigen-specific reactivities in memory may well require 
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new experimental approaches because in most gases the LCl* com^tioi^ly 
V5 cd as stimulators of memory CTL responses in vitro contain very few lyti- 
catty infected cells (1). The fact that CTL responses to immediate early and 
some early proteins do exist in vivo suggests that antigen-presenting fraction 
is conserved in at least some cells in the early stages of the virus rcphcative 
cycle. 

IMMUNOBIOLOGY OF EBV PERSISTENCE 
EBV appears to have acquired a number of unique functions That enhance its 
ability to colonize the B cell system in the period immediately following viral 
transmission, to persist as a latent infection within the B cell pool in the face 
of CTL surveillance, and finally to reactivate from that latently infected B cell 
pool into lytic cycle, thereby mamtainirig oropharyngeal shedding by the virus- 
carrying host (2). . 

Successful infection of anew host critically depends on the ability of the virus 
to access the B cell system and to amplify the load of virus -infected B cells 
rapidly in the short period before the CTL response comes into play. Several 
features of thevirus contribute to mat end- Oneis the ability of the viral envelope 
glycoprotein gp340 to bind to the cell surface complement receptor molecule 
CR2 (75, 76) a an interaction that mimics aspects of C3d complement binding 
(77) and 'that targets the virus specifically to the B cell lineage. Thereafter, the 
virus is able both to drive the proliferation of infected cells and to enhance their 
expression of cell survival signals such as BcI2 through adopting an LCL-bTcc 
program of full latent gene expression^, 78). Themain source of virus involved 
in this early colonization of the B cell system will be virions produced from 
local replicatrve lesions in the oropharynx. In this context one of the viral genes 
expressed during the late phase of the lytic cycle is BCRFJ, a viral homologue 
of the cellular IL10 gene (79, 80), and at least two biological activities of this 
virally encoded cytokine may work to enhance successful infection of the B cell 
system. First; in studies in vitro, viral ILl 0 can promote the efficiency of virus- 
inducedtransfonnation through its capacity to augment early B cell proliferation 
(S 1 3 82); second, though evidence conflicts on this point (83 ; and AD Stuart, M 
Mack&tt, personal communication), viral IL10 may serve to impede the local 
generation of CTL responses either to lyticaUy or to latently infected cells (84). 
Very recent studies also highlight another mechanism whereby lyticalry infected 
cells may enhance the initialstages of growth a-ansforrnation inadjacentB cells. 
This extrapolates from the interesting in vitro finding that LCL cells, if induced 
into lytic cycle, can under certain conditions selectively elicit a superantigen- 
like response in autologous T cells of the V£13 subset. If this were indeed to 
occur in vivo in the natural setting of EBV replicative lesions, it is suggested 
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that cytokines derived from the 13 T cell infiltrate may enhance local B cell 

^STcSSonof latently infected gro^ansf^ B ceUssoen 
u,£f P auents Mutually brought under control, pre^ably by tly^ 
virus-specific CTL response, and arapidfall occurs in viral load (2). However 
Zvirus is never eliminated from the B cell pool. ^'^^"^^ 
lishment of virus pemstencemustbet^i^ersi^ofsomegrovnh-fra^formed 

Sbacktoarest^^^ 

of the vizis latent cycle antigens that constitute the major targets for CTL attack. 
The cellular and/or viral controls that achieve this switch are completely un- 
known, and the actual patterns) of viral protein expression thus produced can 
^surrmsedfrom^nscriptionalsmdie^^ST.SB) -J^Pf^*^ 
include EBNAl , the virus genome maintenance protein Q 1 32) and/or LMP2 
a protein thought to be involved in stabuization of the latent state (89 9GyO£ 
these EBNAlisprolectedfrompr.sentationtoCDS* CTI* (30), while LMP2 
may not be displayed efficiently for CTL detection flm ^ a 
tioas are themselves downregukted in a resting B cell (9 1). What determines 
the virus's ability to reactivate from this latently infected reservoir into lytic cy- 
cle is again unknown, but because the cells involved are a mobile recirculating 
population, it is tempting to think that physiological signals, perhaps received 
by B cells when infiltrating mucosal surfaces, may be used as the trigger (2). 
The process of reactivation and entry into a program of lytic antigen expression 
should then render these cells once again susceptible to CTL control, this tune 
mediated by lytic antigen-specific effectors. Such CTLs clearly arc present m 
virus-infected individuals, and therefore the CTLs have the potential to control 
rates of reactivation. However, it would not be surprising to find a mechanism 
whereby cells in EBV lytic cycle might at some stage become protected from 
CTL recognition, given the examples of herpes simplex and cytomegaloviruses, 
both of which employ specific lytic cycle products to interfere with the HLA 
class I-processing pathway (92-94). 

CTL CONTROL OF EBV-ASSOC1ATED TUMORS 
The association between EBV and an increasing range of human tumors has 
been reviewed in detail elsewhere (2). Here we focus on these malignancies 
specifically as targets for CTL recognition. 

Immunoblastic Lymphoma 

Immunoblastic lymphoma (sometimes called posttransplant lymphoproli- 
ferative disease) is a B cell tumor *at occurs frequently in T cell immuno- 
compromised patients (9)- The realization that these tumors are composed of 
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EBV-tr^formed LCL-like cells expressing the full spectrum of virus ^latent 
protein (9S-97) had two important implication. First, it ^wed thd EBV 
Li indeedbe directly oncogenic in vivo; second, it strongly suggested thatlhe 
outgrowth of EBV-trar*formed cells would be reversed by a restoration of CTL 
control. The latter lias now been dramatically proven in clinical ^practice s C^S- 
100), well ahcadoftolabomtoryreco^ 

regression ofLCL outgrowth in severe combined iinmunodencient mice (lUi)_ 
Thus inbone marrow transplant patients, where the rymphomas that anse are of 
donorB cell origin, the adoptive transfer either of peripheral blood mononuclear 
cells (98) or more importantly, of in vitro reactivated EBV-specrfie CTL prepa- 
rations (99) from the donor can rapidly reverse tumor growth. FurtbeTrnore, 
adoptively transferred CTL preparations could also be used prophykcucally to 
reduce the EBV load in the B cell system, thereby reducing the nsk of lym- 
phoma development (99, 100). An essentially similar strategy could also be 
applied to solid organ transplant programs except that here any emerging lym- 
phomas would be of recipient B cell origin and would need to be targeted 
by in vitro reactivated recipient CTLs; where necessary, such CTL prepa- 
rations could be made from the patient's lymphocytes cryopreserved before 
transplantation. 

BurJatt's Lymphoma 

Burfcitt's lymphoma (BL) is an unusual childhood tumor that in its high inci- 
dence endemic form is consistently EBV-positive (2). In marked contrast to 
matching LCLs, those BL cell lines that retained the original tumor cell phe- 
notype were essentially nomnmunogenic in vitro, unable to stimulate either 
EBV-specific or even allorcactive T cell responses (102); furthermore, such 
cell lines were clearly not recognized by LCL-stimulated preparations of EBV- 
specific CTLs (103). The latter result was not due to any inherent resistance 
to cytolysis because the same lines were killed by some allospecific effectors 
(104) and could also be sensitized to EBV-specific lysis by exogenous loading 
of a relevant epitope peptide (105). 

Several coincident features of BL cells appear to contribute to this immuno- 
logically silent phenorype. The inability to stimulate CTL responses in vitro 
probably reflects the absence or very low expression of ancillary molecules 
on the BL cell surface, in particular ICAMl and LFA3 (106), which mediate 
adhesion to T cells via the LFA1 and CD2 pathways, respectively and B7.1 
and B7.2 (107; AB Rickinson, unpublished data) which deliver costimulatory 
signals to T cells via CD28 ligation (108), Interestingly, none of these aspects 
pf the BL surface phenotype is a bar to CTL recognition per se, providing 
the CTL is preactivated and its relevant target structure is presented at the 
cell surface' in such circumstances the effectontarget interaction appears to be 
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stabilized through ancillary adhesions involving ICAM2, an alternative LFAl 
ligand constimtivery expressed by BL cells (105). 

The inability of EBV-specific CTLs to recognize BL targets reflects at least 
two additional features of this tumor. One is the well-documented downreg- 
ulation of the viral genome such that only a single viral protein, EBNAl, is 
detectably expressed in BL cells (109). The second is a more recently discov- 
ered impairment of the HLA class I antigen presentation pathway itself. Thus 
the vaccinia-vectored expression of an immunogenic antigen (such as one of 
the EBNA3 proteins) within BL cells still does not sensitize the cells to specific 
CTL recognition, whereas lysis is observed if antigen processing and peptide 
transport are bypassed through expression of the ininimal epitopepeptide linked 
toanERsignal sequence (110). The above processing defect is associated with 
low expression of the TAP1/TAP2 genes, such mat levels of the TAP proteins in 
BL cell extracts are often barely detectable compared to LCLs, and also with low 
expression of the HLA class I genes, such that cell surface HLA class I levels are 
<25% of LCL values (91, 110). Antigen processing function, as well as TAP 
and HLA expression, can be restored in several BL cell lines either by interferon 
y treatment or, more mterestingiy, by vector-mediated expression of the EBV 
latent protein LMP1 (91). LMP1 is thought to be the major effector protein 
through which the virus drives resting B cells into growth (1) and, as such, must 
be central to the whole viral strategy for efficient amplification within, me B cell 
system (2). Its coincident ability to upregulatc the antigen processing pathway 
can also be seen as advantageous to the virus, however, because no benefit 
accrues if the viralry transformed cells mat initially toserxiinate the infection 
were immunologically silent and therefore able to grow out and kill the host. 

It is intriguing that BL, a virally associated tumor, should display the clas- 
sic immune escape phenotype. However, it is worth emp hasizing that EBV- 
negative cases of this same malignancy (arising as rare childhood tumors outside 
endemic areas) show the same downregulation of ancillary molecules at the cell 
surface and the same deficiency in antigen processing (2, 91, 1 10)- The im- 
munologically silent nature of BL is therefore more Uksely to be a reflection of 
the particular progenitor cell from which the tumor arises (a germinal center 
B cell) (111) than of the tumor's viral association per se. Likewise the form of 
latency displayed by EBV in BL is not necessarily the product of immune selec- 
tion but may reflect the virus *s normal interaction with B cells at mat particular 
stage of differentiation. 

Nasopharyngeal Carcinoma (NPC) and Hodgkin '& 
Disease (HD) 

All cases of undifferentiated NPC both in high incidence (Southeast Asia) and 
low incidence areas are EBV genome-positive, as are at least 40% of cases of 
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HD worldwide (2). Given that EBV-specific memory CTL «spo«« can 
reactivated in vitro from the blood of NPC and HD patients "=k£f 
again implies an ability of these tumors to grow in the free of ^TL survey 
lence. ImmunoKstochenncalar^ 

feet indicates that in both types of tumor the malignant ceUs express many of 
the adhesion and costimulatory molecules necessary for effective interactions 
with the T cell system and also display a TAP-posrave, surface HLA class 
I-positive phenotype (114-1 17). This suggests that antigen imni func- 
tions are intact Furthermore, recent studies with HD cell lines (albeit denved 
from EBV-negative cases of me disease) have also confirmed their ability to 
present vector-expressed viral antigens for CTL recognition m vitro (SP Lee, 
AB Ricldnsoii, unpublished data). 

A key feature of both NPC and HD is in fact the viral phenotype. Just as 
in BL, iese tumors constitutively express EBNA1, but the remaining nuclear 
antigens (including me immnnodominantEBNASA, 3B, 3 C pro terns) are down- 
regulated. Unlike BL, however, LMP1 is detectable in the malignant cells in 
at least a proportion of NPCs and in every EBV-positive case of HD, while the 
evidence from transcription studies suggests that both types of tumor are con- 
sistently LMP2-positive (2). Willi regard to these two virus-coded membrane 
proteins, there are occasional reports ofCTL memory to LMP1 m virus-immune 
donors (18), but as yet me specificity of these responses has not been confirmed 
at the epitope level. By contrast, an increasing number of CTL epitopes are 
being defined in LMP2 for a range of HLA class I alleles such as A2.01, 
A2 06 All, A24, and B60, which arc relatively common m Caucasian and/ or 
Southeast Asian populations (27, 29). Furthermore these epitopes are generally 
conserved among type 1 and type 2 EBV isolates worldwide (27. 29), another 
factor favoring mcir potential role as targets for a CTL-based tumor therapy. 
The inability of me CTL system to reject these potentially immunogenic tumors 
may be due in part to the inherent weakness of LMP2-speciflc responses, but 
may also reflect some local cytokme-mediated suppression of CTL activation 
in the vicinity of the tumor itself. An important observation in this regard was 
that EBV-specific CTLs could be reactivated from the blood of patients with 
EBV-positive HD but not from the tomor-infiltrating lymphocyte population 
(113). The possibility needs to be kept in mind that cytokines such as cellular 
JL10, known to be made by EBV-positive HD cells (118), may alter tumor 
immunogenicity (84, 119). Clearly a number of issues here deserve closer 
attention, particularly if in future one is to consider some form of CTL-based 
therapy for such malignancies. A key objective in this latter context would be 
to amplify only those components of the EBV-sperinc CTL response mat are 
directed against viral antigens actually expressed in tumor cells (120). 
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VACCINE STRATEGIES 

The ever-increasing range ofEBV-associatcd disease and ow better undws^ 
S ; SSSiH irlunc responses have led to renewed uM 

ufthc development of an effective vaccine. In western societies fta pnnopal 
aim of such a vaccine would be protection from infertousmononuc eosu. fc 
this context, it is noteworthy** only a proportion (up to 50%) of delayed pri- 
mary infections present wilh clinical disease. Why mis shouldbe is not brawn; 
however, a high virus load(alarge dose of orally transmitted vuus uton» 
SSn of She virus-trariformedB cell pool beyond a critcal threshold) may 
beacritical determinant of disease risk(2). Therefore, avaccmeacmevmg even 
a modest reduction in EBV load during primary infection may be sufficient to 
avert clinical symptoms. Similarly, vaccination may also reduce the immediate 
risk of lymphoproliferative disease inpatients such as pediatric toer tramgant 
recipients, who frequently sustainprimaiy EBV infection from the transplanted 
organ or from associated blood transfusions (9). In contrast, EBV-associated 
tumors such as BL, NPC, and HD arise in patients years after their primary 
infection, and protection from these longer-term consequences would require a 
vaccine mat ideally conferred sterile immunity and preventedthe establishment 

of the carrier state. ±1 . . _ 

Two broad approaches to EBV vaccine development are currently being con- 
sidered The first sedss to exploit me major envelope glycoprotein gp340 as 
the immunogen, a strategy based initially upon the observation that this glyco- 
protein is the principal target of me virus-neutralizing antibody response (5, 
Various formulations of gp340 either presented as sublimit antigen or expressed 
from recombinant viral vectors are protective against EBV-wduccd B cell lym- 
phoma in the tamarin (121); the mechanism of protection in this animal model 
is not yet dear but appears to be due to a combination of antibody and cell- 
mediated responses, with recent results suggesting a role for specific CTLs 
(122) Encouraged by the success of these animal experiments, a first vaccine 
trial has been conducted in China using a live vaccinia/gp340 recombinant 
Sixteen months after vaccination, all children in the control group had become 
EBV-infected in the normal way [detected by antibody responses to the virus 
capsid antigen (VCA)], whereas 6/9 vaccinated children remained anti-VCA 
antibody negative (1 23). This result, if confirmed, is important because it im- 
plies that in some vaccinees the neutralizing antibody and/or cellular responses 
to gp340 had indeed induced sterile immunity, at least ui the short term. 

An alternative approach to vaccine development is based on the induction ot 
EBV-specific CTL immunity. Here me aim is not to prevent primary infection 
per sc but to limit those events occurring immediately postinfection, namely 
virus replication in the oropharynx and/or the expansion of virus-transformed 
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B cells within the lymphoid pooL As reviewed in more detail elsewhere (124), 
any CTL-based vaccine strategy will likely aim toward immunization with com- 
binations of defined epitopes. A first step toward this goal is to use formulations 
of synthetic peptides mat mimic inimwodominant epitopes known to be rec- 
ognized by the natural vims-induced CTL response. Indeed a human phase 1 
trial is currently underway in one of our laboratories (DJ Moss) using the HLA- 
B8-resfricted epitope sequence FLRGRAYGL (EBNA3A325-333) formulated 
in the water-in-oil emulsion, Montanide ISA 720, and tetanus toxoid as helper 
( 1 24). This vaccine formulation is based on principles established in the murine 
cytomegalovirus model, where protection from virus challenge couldbe demon- 
strated following admmistration of a single immurddng dose of an immun- 
odominant CTL epitope peptide (125). Obviously one of the major obstacles 
of any peptide epitope approach to vaccination in humans is HLA polymorphism 
because epitope choice is allele-speciflc. However, this obstacle might be over- 
come using appropriate mixtures of synthetic epitope peptides or by construct- 
ing vectors to express polypeptides in which the relevant epitope sequences are 
linearly joined together. Somewhat unexpectedly, when such an EBV polyepi- 
tope sequence was expressed within cells from a recombinant vaccinia vector, all 
of the constituent epitopes were efficiently presented for CTL recognition (126), 
indicating the potential of this approach as a vaccine strategy. More recently, 
work in a murine model has shown that each of several CTL epitopes combined 
in a polyepitope construct was capable of eliciting a CTL response in vivo and 
could protect the animals from subsequent challenge (127). Li the longer term, 
it may be possible to combine the gp340-based and the CTL epitope-ba$ed 
approaches to EBV vaccination by generating a chimeric protein that fuses the 
important immunogenic domains of gp340 with a CTL polyepitope sequence. 

FUTURE DIRECTIONS 

EBV is a complex virus that can infect at least two different cell types in vivo 
and, depending upon the identity of the target cell and its situation, can either 
initiate lytic infection or establish one of several different forms of latency, each 
involving a different program of viral antigen expression. Different arms of the 
immune response are therefore likely to exercise control at different points in 
the viral life cycle. As described here, recent work has concentrated on one 
particular facet of host immunity, the HLA class I-restricted CTL response tp 
latently infected growth-transformed B cells, at the expense of other mecha- 
nisms that, though less accessible experimentally, may nevertheless be equally 
important Thus HLA class It-restricted CTL responses to EBV are detectable, 
but their antigenic specifidties are at present poorly defined (15). Also very 
little is yet known about CD4 + proliferative T cell responses, apart from some 
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jrfelimiuaiy studies with individual lytic cycle antigens (128-130); yet these 
could play an important cytokine -mediated role in vivo. The question of CTL 
control over lytic cycle infection is just beginning to receive long-overdue at- 
tention, and as yet little is known about the identity of the immunodominant 
lytic cycle antigens or about the antigen-presenting function of iytically infected 
cells. 

It is now two decades since the atypical lymphocytes in 3M blood were 
identified as reactive T cells (64), yet the cellular response to primary EBV in- 
fection and its relationship to disease pathogenesis are still poorly understood. 
Closer examination of IMT cell populations may reveal novel virus-induced 
reactivities that serve either to curtail or to prolong the disease process. Some 
of these reactivities may well not be EBV-specific, because primary infection 
w ith other agents such as HIV or cytomegalovirus can also sometimes induce 
a mononucleosis-like syndrome, and the cellular response may include com- 
mon immunopathological elements in each case. In rare individuals, especially 
young boys with .the X-Jinked lymphoprolifcrative (XLP) syndrome, primary 
infection induces a cellular response that is ostensibly similar to that seen in 
classical IM, yet the disease progresses to a fatal conclusion, culminating in 
what appears to be a cytokine-mediated destruction of hemopoietic tissues (2, 
13 1). The awaited cloning of the XLP gene could yet provide important clues 
to the pathogenesis of IM itself. Another direction for future work again relates 
to EBV-induced irnmunopathology, but this time to the possibility that damage 
may be mediated by the virus-specific CTL response itself. Recently discov- 
ered examples of molecular mimicry between cognate EBV peptide/HLA target 
structures and certain self-peptide/HLA complexes (60; SR Burrows, DJ Moss, 
unpublished data) not only have implications in the context of allograft rej ection 
but also may be very important in the pathogenesis of particular autoimmune 
diseases (125, 132, 133). 

It is likely that EBV will remain one of the principal paradigms for study of 
the inducti on and maturation of human CTL responses to viral infection, in par- 
ticular persistent infection- The differential immunogenicity apparent among 
latent cycle antigens needs to be exarriined in the context of other (noncau- 
casian) HLA backgrounds and of other viral strains, especially type 2 strains in 
which the EBNA3A, 3B, 3C proteins are antigemcally distinct from their type 
1 counterparts. If the hierarchy of immunodorninance observed to date really 
is a general phenomenon, what can it reveal about the biochemistry of antigen 
processing in LCL cells? More specifically, how complete is the protection 
from processing enjoyed by the EBNA1 protein, and what is the mechanism 
whereby a glycine-alanine copolymer domain provides such protection? If, as 
now seems likely, EBNA1 -specific HLA class I-restricted CTLs are detectable 
in at least some viros -immune donors, how were they elicited? Are EBV- 
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specific CTL responses actually induced by vin*$-transformed LCL-like cells 
in vivo or by a different antigen-presenting cell population? 

Questioning the in vivo relevance of in vitro findings is a recurrent theme in 
the EBV literature, not least in the field of immunology. More than anything, 
this reflects the absence of a good animal model that mimics natural EBV 
infection and persistence more closely than do the artificial situations produced 
on experimental infection of certain New World primate species (121, 134). If 
such a model existed, one could hope to dissect the different components of 
immune responsiveness by cell depletion experiments and to look at the relative 
importance of these different components in primary versus persistent infection. 
In this context it is very interesting that many species of Old World primate 
actually carry their own B lymphotropic herpesviruses that are closely related 
to EBV in terms of genome structure (1) 7 that have B cell growth transforming 
ability, and that are likewise kept in check by immune T cell surveillance 
iu vivo (135). Not only does their existence have important implications for 
our understanding of the evolution of EBV, it also opens up the possibility of 
establishing tractable models that would recapitulate all the essential features 
of EBV infection in humans. 
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Abstract 

An SLISPOT may to detect and determine th c number of antigen specific CDS* T colls vw stmdaitf&eri using 
i / ,W T " celJi specific for the epitope SYVPSAEQI of a rodent malaria antigen. This assay is based 
°^ mn im^ icSnW si^le cells after their stftmilatkm with anti B cn. The interferon secret™ * 

i rnR* T cells it was determined that the assay detects 80-^5% oi wese lus i w?n$- * k 

SSiSSSSLr melton Of the CD8 > T cehs were detuned ^-^^SS^ 
of antigen presenting cells and supplement of growth factors requited to perform «be assay dc ™^' J o{ 
EUSPOT assay ear. be performed with spleen cells from immunized mice, and provide the precise number oi 
Lrific T cells present in mixed lymphocyte populations. This method u more sensitive than the 

SSZSfSZ asly and' S Lp.cr A- clonal parser frequency analysis, prov,dm B the 
number of antigen specific CD8* T cells in 36-4S h- 

Keywords; CD8 + T cell; EUSPOT: IFN-y; Synthetic peptide; Recombinant vacriaia virus; Malaria 



1, Introduction 

CD8 + T lymphocytes mediate one of the most 
important effector mechanisms of immunity 

Abbreviations: CS. circumsparozoitc; PVCS, recombinant 
vaccinia virus; IFN-y. imerfeTon-y; MHC. m^or histocompai- 
ibDity complex: DMEM, Dulbecco's modified ea&le medium; 
PBS/T, phospbaie-buffercd saline eaniainins 0-05% T^een 
20: APC, antigen presenting cell. 

" Corresponding author. Tel.: (212) 263 67M>: Fax: 
(212)2638116. 

0022-1759/¥S/$09.50 © 1W Elsevier Science B.V. All rtahU reserved 
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again&i intracellular pathogens such as viruses, 
bacteria and parasites. These T cells recognize 
small peptides, derived from microbial antigens, 
which are presented on the surface of infected 
ceils by class I MHC molecules. 

Investigations on the mode of induction, and 
persistence of antigen specific CDS 4, T cells, have 
been severely hampered by the lack of a simple 
assay capable of providing reliable quantitative 
data on these T cells. A widely used method for 
the detection and measurement of cytotoxic 
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CD8 + T cell activity is the 5, Cr release assay 
(Grabstein and Chen, 1980). This assay provides 
semi-quantitative data and is most useful for the 
detection of cytotoxic T cells. However, the Cr 
release assay is inadequate for studies which re- 
quire the determination of the number of anti- 
gen-specific CD8 + T cells in a mixed lymphoid 
cell population. The best assay currently in use 
for such quantitative studies is the precursor fre- 
quency analysis using the limiting dilution tech- 
nique (TaswelU 1981). WhHe it is generally ao 
ceptfcd that this is an excellent method, its use is 
severely limited by the fact that it is very time 
consuming and laborious, and therefore uasuit^ 
able for studies which require the simultaneous 
comparison of several sets of experimental data. 

Wc report here the standardization of an al- 
ternative method to determine the number of 
antigen specific CD8* T cells. This method was 
adapted from the EUSPOT assay described for 
the detection of mitogen activated CD4* T cells 
(Taguchi et al., 1990) and is ba&ed on the visual- 
ization of IFN-y secretion by single CDS + T cells 
after cheir in vitro stimulation with antigen. The 
IFN-y secretion by individual cells is visualized as 
spots revealed by using enzyme labeled anti-XFN-y 
monoclonal antibodies. Using cloned murine 
CDS* T cells, which recognize a well defined 
epitope, we determined the optimal conditions 
for in vitro culture, antigen stimulation and de- 
tection of IFN-y secretion by CD8 + T cells. 1 bis 
assay is a rapid, highly sensitive method providing 
a quantitative assessment of the number of acti- 
vated antigen specific CD8+ cells. It differs ir, 
some important methodological aspects from the 
originally described EUSPOT assay used for the 
enumeration of IFN-y secreting CD4+ T cells 
(Taguchi et al., 1990; Xu-Amano et al., 1992). 

2. Material and methods 

Zl. Cells and cell culture medium 

The CD8 T T cell clone YA26, derived from a 
BALB/c (H-2 d ) mouse immunized with Plas- 
modium yoelii sporozoites, was used throughout 
these experiments. The generation, the antigen 



specificity and the conditions for in vitro culture 
of this T cell clone have been described in detail 
elsewhere CRodrigues et al., 1991,1992), Briefly, 
Y A26 cells were cultured in DMEM high glucose 
(Gibco) medium, supplemented with 10% fetal 
calf serum (FCS), 10 mM Hepes, 2% ^ <*U 
supernatant, 10" 5 M 2-mercaptoethanol (2-ME) 
and 2 mM L-glutamine. P815 cells (H-2 d ) were 
used as target cells for both the 51 Cr release and 
the ELISFOT assays. The EL^4 supernatant used 
as source of interleukins was obtained by stimu- 
lating EL 4 cells with PMA. It was used at a final 
concentration of 2% which contains 30 U of 
IL-2/mJ, 

Z2, &LISPOT assay for the detection of IFN-y 
producing YA26 celk 

96-well nitrocellulose plates (Muititer HA, 
Millipore, Bedford, MA) were coated with 10 
M g/ml of the anti-mouse IFN-y mAb R4 (from 
the American Type Culture Collection, Bethesda, 
MD), in 75 *il of phosphate-buffered saline (PBS). 
After overnight incubation at room temperature, 
the wells were repeatedly washed with culture 
medium and 100 »l of DMEM high glucose, 
containing 10% FCS and 10 mM Hepes, were 
added to each well for 1 h at 37°C Known 
numbers of CDS* T celts of the YA26 clone were 
then suspended in culture medium and placed 
into the antibody-coated wells. ^ 
P815 cells were incubated with the synthetic 
peptide SYVPSAEQI, for 1 h at 37°C. After 
repeated washings with culture medium, these 
peptide-pulsed P815 ceils were irradiated, and 
added to the ELISPOT wells. P815 cells, not 
pulsed with peptide, were used as controls of 
antigen independent IFN-y secretion. 

After incubation at 37°C and 5% CO z for 
24-28 h, these ptates were extensively washed 
with PBS containing 0.05% of Tween 20 (PBS/TX 
The wells were then incubated with a solution of 
5 ag/ml of biotinylated anti-mouse IFN-y mAb 
XMG1.2 (Pharmingen, CA) in PBS/T. The plates 
were incubated overnight at 4°C, washed with 
PBS/T and then 100 /il of pcroxidase-labeled 
streptavidin OKirkegaard and Perry Laboratories, 
KPU Gaithesburg, MD), at a 1/800 dilution in 
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PBS/T were added to each well. After 1 h 
incubation the wells were washed twice with 
PBS/T and twice with PBS. The spots were de- 
veloped by adding 50 mM Tris-HC] at pH .75. 
containing 1 mg/ml of the substrate 33 -di- 
aminobenzidine-tetra-hydrochloride dihydrate 
(DAB), and 5 /tl/10 ml of 30% H 2 O z to each 
welL After 10-15 min the number of spots were 
determined with the aid of a stereornicroscope. 

2.3. Chromium release assay 

The chromium release assay was performed as 
described elsewhere (Rodrigucs et aU 1991). 
Briefly, 10 6 P815 cells were labeled with 250 ^Ci 
51 Cr in FCS, for 1 h at 3TC. YA26 cells were 
incubated, at different ratios, with 2.5 X 10 L " Cr 
labeled P815 cells per well, in the presence or 
absence of 10" 7 M peptide SYVPSAEQI, After 
5 h of incubation at 37'C, the supematants were 
collected with the aid of a semi-automatic har- 
vester (Skatron, Sterling, VAX and the number of 
counts determined. The percentage of specific 
lysis was calculated as previously described 
(Rodrigues et al., 1991). 

2A+ Immunization of mice with a recombinant 
Vaccinia virus expressing the SYVPSAEQI epitope 
and determination of splenic antigen specific CDS * 
T cells by the ELISPQT assay 

In experiments designed to determine the 
number of CDS" epirope-sperific IFN-y secret- 
ing T cells, groups of three BALB/c mice were 
immunized i.p. with 5 X 10 7 pfu of recombinant 
vaccinia virus expressing the F. yoelii CS protein 
(PVCS) (Li et aL, 1993), 1 1 days after the immu- 
nization, the mice were killed, their spleens re- 
moved, and the number of epitope specific IFN-y 
producing cells determined. We used freshly iso- 
lated spleen cells and also further in vitro stimu- 
lated spleen cells. Different concentrations of 
freshly isolated splenocytes, starting at 5 x 10* 
cells/well, were screened for antigen specific 
Ct)8 + cells using the standardized ELISPOT as- 
say. In addition, 5 X 10 7 spleen cells of the same 
pool were expanded in vitro for 6 days with 
3X 10* P815 cells pulsed with 10^ 7 M peptide 
SYVPSAEOl- After this expansion, a series of 
different concentrations of these splenocytes, 



starting with 1.25 x 10 s cells/well, were analyzed 
by the standardized EUSPOT assay. 

2. J. Precursor frequency analysis 

BALB/c mice were immunized with 5 X 107 
pfu of recombinant vaccinia PYCS, as described 
for previous experiments. 30 days after immu- 
nization, spleen cells were used to perform the 
ELISPOT assay and the precursor frequency 
analysis. The ELISPOT was performed following 
the procedures described for the previous experi- 
ments. The precursor frequency analysis was per- 
formed as previously described (Ceredig et ak, 
1987). Briefly, 0, 150, 300, 600, 1200 and 2400 
spleen cells from immunized mice were cultured 
with 7 x 10 s irradiated syngeneic normal spleen 
cells and 2 x 10 5 irradiated peptide-puUed P815 
target cells, in 96-well flat-bottom culture plates. 
As culture medium, we used DMEM supple- 
mented with 10% FCS and 2.5 9& EL-4 super- 
natant. At day 8, the contents from each well 
were split into 96-weU round bottom plates totest 
the cytotoxic activity against peptide-pulsed Cr 
labeled PS15 target cells. As control, we used 
radiolabeled target cells not pulsed with peptide. 
After 6 h the *'Cr release was measured and 
cultures were considered positive if the level of 
specific s, Cr release was greater, by three stan- 
dard deviations, than the release detected from 
radiolabeled target cells incubated without spleen 
cells. The frequency of antigen specific CD8 + T 
cells was calculated as previously described 
(Quintans and Leflcovits, 1973\ 



3. Results 

3 L Sensitivity of detection of cloned CDS + T cells 
by the ELISPOT and by the * 3 Cr release assay 

A murine CD8 + T cell clone, YA26, which 
recognizes a class I MHC restricted epitope 
(SYVPSAEQI), of the CS protein of P yoeht 
(Rodrigucs et aL, 1991), was used to determine 
the level of sensitivity of detection of antigen 
specific CDS" T cells by the ELISPOT and the 
31 Cr assay. 






10 1 



c i>.„-^ ms + T cells (YA26). Variable numbers of 
Fig. 1. Top panl: detection of IFN-y secretion folios »^^^^£Sl Sthtoi "» fl^ ooncedtration of 10"« M. 
A Pf ito YA26 dor,, were Abated «th 10* P815 cells ^^V^J^Jl^.y \pots revealed « descried in the 
Ster 28 h of Incubation a , 3TC and 5* CO ? , ^J^^Z^ CX wfa^as in en otherwise 

.nleriali and methods action. To one sen* of those well, of iriplkates ± SE. Middle pond: ani,geu 

identical series, th<= EL-4 supernatant w» onvn.lted W>- SS^^K deseed for the top pan* The IFN-y 

^cificlry of .he IFN*, apo^ 300 YA26 <*b w«« .nested wrth HU m£ *»«^ ^ ^^0! pep nde Ci* while 
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For this purpose known numbers of cloned 
CDS" T cells were incubated in nitrocellulose- 
based culture wells (ELISPOT wells>, with anti- 
gen (peptide)-coated PSlS target cells. These wells 
had earlieT been coated with mAb to murine 
IFN-y, as described (Taguchi ct al., 1990), After 
24-28 h of incubation at 37 D C and 5% C0 2 , the 
wells were washed, incubated with biotinylated 
anti IFN-y antibody, followed by the addition of 
avidin-perosddase and a peroxidase substrate. 

As seen in Fig. 1 (top panel), we obtained an 
excellent correlation between the number of 
cloned CDB + T cells placed into each well and 
the number of IFN-y spots. In fact, this assay 
detected between 80 and 95% of the cells of a 
given well. We found that addition of an EL-4 
supernatant to the culture medium, to provide a 
supplement of interltukins was important to en- 
sure optimal production of IFN-y by the CD8" T 
cells. In the absence of the EL^4 supernatant, the 
number of spots, we detected, accounted for only 
50-60% of the total number of the CDS* cells of 
each well. 

The IFN-y spots, detected by this assay, were 
cleariy antigen specific, since few or no spots 




0 jjD *Q 80 80 100 \20 " 4Q ISO 
N'unikirr oT Y/W»> OUk/wHI 
Fig- 2, Number O? antigen-specific IFN-y producing CDS* T 
cells detected antigenic stimulation in vitro for either for 1 or 
7 days- YA26 CD& + T crifc *ere stimulated with antigen for 
1 day and ihen trsntferred to ELISPOT wclU, immediately 
after mixing them wiih P8J5 target celk pulsed with (•) or 
without peptide ( »X another series, YA2& CD8~ T cells 
were stimul&tcd with antigen for 7 dayii and then Disced into 
EUSPOT wells immediately after adding PftlS celli pulsed 
with (v) or without SYVPSAEQt peptide (a). E-Lch point 
represents the mean of triplicate* + 



were observed upon incubation of the CD8 T 
cells with P815 target cells, in the absence of the 
peptide (Fig. 1 (middle panel)). Thus, the pres- 
ence of antigen appears to be essential to trigger 
lFN-y production, while the interieukins pro- 
vided by the EI^4 supernatant, though not strictly 
necessary* significantly improve production of this 
cytokine, 

Comparing the sensitivity of the ELISPOT 
(Fig. 1 (cop panel)) with the 51 Cr release assay 
(Fig. 1 (bottom panel)), it became clear that un- 
der optimal conditions the ELISPOT can detect 
small numbers of activated CD8+ T cells, namely 
as little as 20-30 antigen-specific CDS lympho- 
cytes per well. In contrast, 10 3 or more of these 
CDS'*" cells were required to produce a clear 
signal in the 51 Cr release assay. Most importantly, 
the ELISPOT allows the determination of the 
number of antigen-specific cells, which can not be 
done by the use of the chromium-release assay. 

3.2 Optimal conditions far the antigen stimulation 
of CDS ^ cells in the ELISFOT assay 

There are significant methodological differ- 
ences between the earlier described ELISPOT 
assay for the detection of IFN-y secreting T cells 
(Taguchi et al_ T 1990; Xu-Amano et aU 1992; Di 
Fabio et al., 1994) and the ELISPOT we stan- 
dardized for the detection of CDS* T cells. In 
the previously described ELISPOT assays, the T 
cells are first stimulated with mitogen or antigen 
in standard culture plates, during 1 day or more, 
before being placed in the ELISPOT wells In 
contrast, we found that anUgen-specifiC IFN-y 
secreting CD8 + T cells can only be detected if 
they are placed in the ELISPOT wells, immedi- 
ately after being mixed with antigen-coated target 
cells, U„ without pre-incubation in a standard 
culture plate. As shown in Fig. 2, if CDS* T cells 
are stimulated with antigen 1 or 7 days before 
being placed in the ELISPOT wells, the y-inter- 
feron spots can not be detected, unless these ceils 
are mixed with antigen coated target cells just 
before being placed in the ELISPOT wellS- 

The number of detectable spots produced by 
antigen specific CD8 + T cells is strictly depen- 
dent on the concentration of antigen used to 
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Fig. 3. Optimal concentrations of peptide SYVPSAEQ1 for 
[he detection of CDS" YA26 tells by the ELISPOT W 
Variable numbers of YA26 cells per wdl were incubated with 
10 s P81S cells pulsed with different concentrations of peptide 
The peptide was used at concern rations of l0~* M (•>, 10 " 7 
M <v). IIT* M I0" y M (□> and tO- 1 " M (■>. Each 
point represents the mean of triplicates ±5E. 

pulse the PS15 cells. As shown in Fig. 3, a maxi- 
mal number of interferon spots can be detected 
when target cells are pulsed with peptide concen- 
trations ranging from 10~* to 10"* M- A signifi- 
cant decrease in the number of IFN^y spots, ot 
their absence, occuxed when peptide concentra- 
tions of 10" 9 or 10" 10 M were used, respectively . 

J.J. Sensirii* detection and enumeration of CDS' 
antigen specific T ceils 

The number of antigen presenting cells (APC) 
used in the assay is also an important variable. 
Their optimal concentration appears to be 10 5 
P815 cells per well The use of either a larger or 
smaller number of target cells decreased consid- 
erably the number of lFN-y spots (Fig, 4), 

The type of antigen presenting cells used in 
the ELI SPOT assay appears to affect only to a 
small degree the generation of IFN-y spots. As 
seen in Fig. 5, the best APC for the activation Of 
the Y26 CD8" T cells appears to be the P815 
mastocytoma cell line. However, rather similar 
results were obtained when we used other types 
of APC such as the macrophage cell line J-774 
(ATCC: TIB-67), or the B-cell lymphoma derived 
A20 cell line (ATCC: TIB-2081. 




0 ?n 10 80 80 100 130 14-0 l&O 

Number of YA * & Coll* /well 
Kg. 4. Effect of the number of antigen-presenting cells (P815) 
on the number of IFN-r prodadnB cells detected by the 
CDS* EL1SPOT assay. Twenty to 130 YA26 cells were 
incubated with l0 b C»), 10 s O), iO 4 (▼> m tO 3 <o) *815 
cells pulsed Tfrith peptide SYVPSAEOl at a concentration of 
LO" 6 M. Each point represents the mean of triplicates ± SE, 



J,< Detection of anrigen-specific CD8 * T cdb in 
the spleens of Immunized mice 

With a view on the use of this assay for the 
detection of antigen-specific CD8 + T cells of 
immunized mice, we determined the possible in- 
fluence that unfractionated spleen cells may have 




PflplfdC — — 

apc c*n P815 
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Fig. 5- EUSPOT assay performed using different types of 
antigen presenting celfe CAPCs). 100 YA26 CD8 + T cells 
™ere incubated with 10 s APC of different cell types (FS15, 
A20 or J774) expressing the H-2K d MHC molecules. With 
each eel! line the assay was performed in the presence and 
absence of peptide. Each bar represents the mean of dupli- 
cates ±SE. 
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Fit. 6. The presence of naive spleen cells docs not interfere 
W irh ihe sensitivity of the CDtT EUSPOT as*ay. 100 YA26 
«JU plus 10 s PS15 cells, pulsed with 10 M peptide, wck 
incubated wiih various number «f «ple<™ «U* obtained from 
normal BALB/c mice. Each polm represents the mean of 
triplicates ±SE. 

on this detection- A constant number of cloned 
CD8 + T cells and peptide-coated target cells 
were incubated with varying numbers of naive 
spleen cells. As can be seen in Fig. 6, the pres- 
ence of variable, even very large numbers of 



spleen cells did not affect the 1FN-7 secretion by 
CDS* T cells, in this assay. 

Wt then used this ELISPOT to determine the 
number of antigen-specific CD8+ T cells in the 
spleen of mice Immunized with a recombinant 
vaccinia virus expressing the epitope, SYVF- 
SAEQ1 in the context of the CS protein (li et aL, 
1993). Eleven days after the immunization of 
mice with 5 x 10 7 pfu of this recombinant vac- 
cinia virus, their splenic lymphocytes were ob- 
tained and the number of epitope specific CDS 
splenic T cells was determined. We used both 
fresh apleen cells (immediate ELISPOT) and 
spleen cells after in vitro stimulation with antigen 
(ELISPOT after expansion). 

The immediate ELISPOT assay, performed 
with freshly obtained spleen cells, revealed the 
presence of epitope-specific CD8+ T cells in^ 
duced by the immunization with the recombinant 
viruses (Fig. 7 (left panel))- Most of the IFN-y 
spots detected in the assay were antigen -specific, 
since only very few spots can be observed when 
these immune spleen cells were incubated with 
target cells in the absence of antigen. Further- 
more, no antigen specific JFN-y spots could be 
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Ffe. 7. Diction of .«*» S p«if* Ct*; T cells In *c sp.«n of mice ^^^^^^^T<^ 
Zw*** of BALB/c „i« wi,h 5 x 10' Pf. of ^^TS^SS^o^^ in culture of these cel., 
EUSPOT wm W performed, either oo the ^^^^^^^ ^^J^Tf^ 6 days 10 ml DMEM of • 
{rithtpoMl. ~**M ELISPOT). For the ex»anoed JELBMT xtO ipta. Wh lO' 8 M peptide. The subsequent 
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detected upon immunization of mice with the 
wild type vaccinia virus (not shown), Not surpris- 
ingly, the chromium release assay performed with 
these freshly obtained spleen cells failed to reveal 
the presence of antigen -specific cytotoxic activity 
(data not shown). As expected, a greater number 
Of antigen specific CD8+ T cells was detected 
when the ELISPOT was performed using the 
spleen cells 6 days after their in vitro stimulation 
with antigen (Fig, 7 (right panel)). 

In agreement with earlier experiments, per- 
formed with cloned CD8 + T cells, we determined 
that the addition of 2% EL-4 supernatant to the 
spleen cells, improved considerably the detection 
of IFN-y secreting cells. This improvement was 
particularly striking when fresh spleen cells were 
used in the assay (Fig. 7 (left panel)). In the case 
of the spleen ceLb expanded in vitro by antigen 
stimulation, the situation was not as dear. As 
shown in Fig- 7 (right panel), the use of EL-4 
supernatant increased appreciably the number of 
IFN-y producing cells. However, the addition of 
the EL-4 supernatant also resulted in a signifi- 
cant increase in the number of cells which se- 
creted IFN-y in the absence of peptide, i.e., in a 
seemingly antigen-independent fashion. 



Finally, we determined the number of ^anugen 
soecific CD& + T cells using both, the ELISPU l 
assay and the standard precursor frequency anal- 
ysis using the limiting dilution technique. For this 
purposermice were immunized with the recombi- 
nant vaccinia virus and 30 days later their spleen 
cells were used to perform these assays. As seen 
in Fig. 8, the number of antigen specific CD* i 
cells detected by both assays was very similar. 
This result further validates the use of the 
EUSPOT assay for the quantification of antigen 
specific CPS* Tcelb. 



4, Discussion 

Here we describe the standardization of a very 
sensitive, quantitative ELISPOT assay for the de- 
tection and determination of the number ofanti- 
gen-spedfic CD8+ T cells. In order to perform 
this ELISPOT assay with the best possible re- 
sults, we standardized it by using a clone (YA26; 
of CD8+ T cells of defined epitope specificity, so 
that a known number of these cells were placed 
in the ELISPOT wells. This permitted us to de- 
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termine precisely the sensitivity of this method, 
and to establish optimal conditions for the m 
vitro culture and antigen stimulation of these 

Cel One of the; steps that appears to be crucial for 
the detection of CD8' 1 " T cell derived IFN-y spots 
is the need for mixing the CD8 + T cells and 
peptide-coatcd target cells just prior to placing 
them in the ELISPOT wells, avoiding the cell 
transfer and consequent loss of secreted IFN-y. 
This differs from the ELISPOT used for the 
detection of CD4" T cells, in which it is neces- 
sary to stimulate the immune T cells with antigen 
and APC one or more days before transferring 
these mixed cell population into the ELISPOT 
wells (Xu-Araano et al,„ 1992) 

We identified additional variables which 
greatly affect the efficacy of the ELISPOT assay 
in detecting antigen-specific CDS + cells. Our re- 
sults clearly demonstrate that addition of exoge- 
nous imerleukins (EL-4 cell supernatant) to the 
culture medium, increases greatly the sensitivity 
of this assay. The mechanisms by which the inter- 
leuktns enhance the functional activity of these 
cells remains to be determined- In this regard it is 
noteworthy that the absence of EL-4 supernatant 
during the time it takes to perform the ELISPOT, 
does not significantly impair the viability of the 
CD8 + T cells (data not shown). The antigen 
concentration used to pulse the target cells, and 
the number of antigen presenting cells used m 
the assay, are also variables which influence ap- 
preciably the number of detectable IFN-y spots. 

In the context of applying the ELISPOT assay 
for the deterrnination of the number of antigen 
specific CDS* T cells, it is necessary to establish 
experimental conditions which ensure that CD8 + 
T cells are the only IFN-y secreting cells being 
detected- In the case of clone YA26, which we 
used for the standardization, it is well established 
that the epitope SYVPSAEQI is recogriized by 
CD 8+ T cells hi the context of H-2K class T 
MHC molecules, and that this sequence is not 
recognized by CD4+ T cells (Romero et aL, 1990; 
Rodrigues et aU 1994), However, when larger 
antigens or complex antigenic mixtures are used, 
it will be necessary to exclude the possibility of 



concomitant activation of both CD4 + and CD8 + 

T cells. . . 

This problem can in part be circumvented by 
using antigen presenting cells, which express only 
class 1 not class II MHC molecules, such as the 
PS15 mastocytoma cell line. As described m the 
methods section* these cells are extensively 
washed after 1 h of incubation with antigen, pnor 
to incubation with the T cells. Under these condi- 
tions it is expected that the antigen, introduced 
into the culture, is all bound to the PS15 target 
cells. 

Another alternative is to perform this assay 
using CD4 + T cell depleted lymphoid cells. These 
CD4 + depleted cell populations can be obtained 
by (a) in vivo treatment of the immunized mice 
with anii-CD4 antibodies, or (b) in vitro prein- 
cubation of the T cell preparations with anti-CD4 
antibodies. In our system, as expected, neither 
the in vivo nor the in vitro depletion of GD4 1 
cells affected the detection of antigen-specific 
CD8 + T cells. In sharp contrast, when we used 
CD8 + depleted spleen cells the opposite oc- 
curred, i.e., IFN-y spots could no longer be de- 
tected (Rodrigues et al., 1994). 

The ELISPOT assay for the detection of anti- 
gen specific CDS* T cells, appears well suited for 
monitoring quantitatively various basic immuno- 
logic phenomena, such as the kinetics of induc- 
tion of effector and of memory CD8 + T cells, as 
well as the organ compartmentalization, horning 
and trafficking of these cells. This methodology is 
expected to have broad applications in vaccme 
development, particularly for the evaluation of 
the immunogenic properties of sub-unit vaccines 
designed to induce CD8~ T cells against intracel- 
lular microbial pathogens. Recently we have used 
this assay to evaluate and compare the irnmuno- 
aemcity of various recombinant vaccinia and in- 
fluenza viruses, expressing the SYVPSAEQI epi- 
tope in different structural contexts (Rodrigues et 
al., 1994). 

In conclusion this EUSPOT assay has clear 
advantages over the standard chromium-release 
methodology since it is more sensitive, and per- 
mits the determination of the number of 
antisen-specific cells. It also compares favorably 
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with the standard frequency precursor analysis 
which uses the Limiting dilution technique, be- 
cause it is much simpler to perform, is less time 
consuming and less labor intensive, the results 
becoming available within 36—48 h. 
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Mulcimeric peptide-MHC avnnlt 
should be aMe W bind more tlum oftc T 
receptor (TdO on a specific T cell, 
thus rwve correspondingly slmver disst) i 
cion rates, making the complexes cnorc > ; 
able for ute a* an Immunological stain, 
enfiincer tetrorrwric peptidc-MHC c 
plexcs. we first added a IS-^rtiina iuiid 
s crate peptide t\v BirA-depend«« hu 
yladon (Jffl to the COOH-Mnnlnus 01 
Kum-irt lymphocyte antigen (HLA) 
heavy chain. After folding the Wwvy-c 
fusion peace fa fa vitro in the pnrfcfk 
p,-mk:cofiUibuliri (&.M) and aspect 

end autoantigens- 



Phenotypic Analysis of Antigen-Specific 
T Lymphocytes 

John D. Attman. Paul A. H. Moss, Philip J. R Goulder 
Dan H Barouch, Michael G. McHeyzer-Williams. John I. Bell, 
Andrew J, McMichael, Mark M. Davist 

iH^ification and characterization of antigen-specific T lymphocytes during the course 
^i^M^HDonata .tedious and IndirecLTo address this problem, the pept\d*- 
^^ZZ^^^SmCi ligand for agiven population of T was 
™ JZEdta^Sa soluble peptloe-wlHC tetramers. Tetramera of human lymphocyte 
ZfiZ?ts ! bS ™£b "omptexed with two different human Immunodeficiency ■ vrus 
. _Tr.^l „..T* , ™^ri B riued from influenza A matriK prote.n bound 



Quanriradvc analyses of antitjcn-sprcific T 
cell populations have pmvided important in- 
formation on the natural course of immune 
responses d-3). Currently, the scartdord 
mechtxl for deriviflg frequency mforroaaon is 
lim-iiing dilucicr. nnatysis (LOA) (3). How- 
ever, this technique may significantly under- 
cscim^c the number of specific T cells be- 
ouoe it cannot detect ctlls that have no 
p^ifersrive pocentLTl (4-6)- Alihuueh flow 
cytomctcv pwvides « fast and direct method 
Rir enuin™rtng expresslnc a particular 
antigen rtft their suffece, cfctectiDCi low- 
frequency popultirlonj Lif antifjtsn-specific 
lymphtJcyTOi by sciinine with their ^cna« 
antigen has nnly been demonsnaied p 
Ivnttphocytes, mnklng asc of the KichafTinity 
tit ftntiRcA Ltiany nf hftvc (7)- 

Antifi^-ipecLfic T cells tYum nocnMl, immu- 
nized mite hnvt bcert idenrifted and wtia- 
l>ied in fl few systems, ivlrh T cell reccphw V 
ttyUuv ancllitVJies ns suraiS3t6 iflaikers for 
^igen spectficiry (1.8). hue the mm gerv- 
eral approach «f STaining specific T cells wuh 
their ligsnd has failed because soluble pep- 
Tp. Altmsn and M. a McHsywi^WlllBma. D^rtmenl 

□f Mlcroboioey arid immunology, Stanford Univarehy 

p A> H Moss, P- J- R. GoiJdflr. D. H. Baroutn. J. I. Bal, 
a! J McMrenaeL msdCulA ter Molocuter ModlcHa. John 
Radcqrt* Hospld. HeadingiDn. OKJond OX3 9DU, UK- 
M M Da«^ The Howard Hughes ftrledlc^ [ntaltLita. DO- 
cit^am of Mloobtotogy end Immurwlegy. ^ckrmn 
Carter. Roam H221, StarVord Unh«reity, Btflrtford. CA 

643D6~542B. US^ 

•Prftawit address: Department of Immunctoay, Oulea Uni* 
wrfllty fctedfcai center, D^ham. NC 27707, US^. 
tTo whoni comMpondenoe fthouW be eddroasod. 
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ride-MHC complexes have an Inherently 
fast dissociation rate fcom the T cell antigen 
rcccptur (9). 



suhsrrare peptide (BSP) [[2). Biminyl. 
at the COOH-tcrminus ul tlte h^iv-y c 
nUo sen^d U> correctly orient the ^ 
mnlcciile, as the site rtCogftLred by the 
involves the NHi-tcrminM dvunitlns 
Tctramfire were pinduced by mixirAS 
hiotinylated peptide-MHC complex 
phyciXrjchrin-labcUd dcslycosvlatei.1 




Fl 8 . 1 . Staining by MHC-pep- 
tide terramers correlates wfth 
pepUde-dQpendent cytotDx- 
icfty. Row cytorretflc analysis 
(7£> of CDe 4 - T calls V 7, 20, 
from IA) clone 20 stained 
with A2-Pol (solid Iho) $nd 
A2-Gag (doited Una) telnim- 
Brs, (C) HlV-Gog-spet^CTL 
Una BB9 st^ineO wttfi A2-C5a9 
(solid Sne) and A2-Pd (dotted 
line) tetramera. end (E) an 

HLA-A2-re$trkJtad kifluenza 

matrix peplida CTU Ine (TO- 

001 ) T eteinod witti A2-MP tat- 

tamars and sorted Into *2- 

MP+ and A2-MP" poputa^ 

tlons, as iivlieatsd. Cytotoxic- 
ity assays with (B) clone 20 

showed specific tiling of ai> 

lologous Epeta&vBair vinjo- 

tranafbrmed B eels pulseo 

with Pol peptide closed 

squares) but not target cdls 

wtthout added peptide 

[dos&d circles). ID) Tha B68 

Gas-specrfrc CTL line Wiled 

colls puked with the Gag 

peptide (dooBd scfjaros) but 
not target cefla wUhout add- 
ed peplrde (dosed drcieo). 
(Fl The sorted populations 

MKlSt^K at an effe^r^rgel ratto at , :1. At Vm aerate. In ^ ^ m 

peptide, no Wiling of target cells wss seen, 
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ji D gc a molar ratio of 4: 1. 
^ lAHlV^iafccced HLA-A0201* individii- 
£fc sticks anti.HIV cytolytic T lymphocyte 
{CTU responses are often observed that lac- 
tone of r^majc*Hl^^Z~rc5Crict^ HlV 
J&opes. Gag(77-85) (J4) or reverse trans- 
(5^(309-317) (I5 t 16), To test the utility 
</ fciranwHe peptidc-MHC complexca as 
fining ceagent^ we prepared HLA-A 2? tet- 
ters with etcher the Ga£ or Pol reside and 



0g. 2. Weiaiion of anrgen- 

^o^fc piartng fn three of 

frr paiienls with peptida- 

^pedfle kifrng actfvfty In CTL 

b^nc cultures. Peripheral 

(food mononucto coils fronn 

tour healihy HW-infacted do- 

im were separated as dB> 

srbed (5). Tne C04 counts 

ibreach patient at the time of 

a-ti^as were as foHows: pa- 
tent DS5. 410; patent 663, 

230; Wfent 077. 2?Q: end 

patient 606. 510, Two milton 

pertpheal blood odfe from 

each patient were stained 

vrth anti-COSa-CyCnroniE 

4«l phyoo^hrin-labeied 

HAA3-Gag (so&J line) or 

HLVAZ-ftjf (dotted line) teL- 

tamers as indicalad {A 

Srough DJ (75]. Software 
gales wars set to dfeplay only 
CDS* small lymphocytes. 
The pepeentegeB of CDfl"- 
edbtfal were posltfva tor ei- 
ther A2.Po) or A2-Geg within 
gates as cPspbyBd are inCJud- 
ed h each panel. The reprc* 
itaUty of the AZ-PoT and 
A^Gag* pepuJatfons in pa- 
tent oes fcty was tested 
faugh analyse of five aapa- 
ffile stands wilh each reagent; 
1*w standard deviations are 
nwted. Buk cultures were 
assayed far CTL activity (E 
'wxjgh H) [19) on days t<i through 16 at an 
taS&ts; while bars, lyaja of Pol-loaded targets 



used rhern co stain HLA-A2-rostricted. HIV- 
specific CTL lines or clones (J 7. Jfl) <Fig. 1). 
The A2-Pol-spedfit clone 20 is stained by 
the AZ-Pol lerramer but not the A2-Gag 
tetramer (R & 1A), wherea* 10% ofthceelh 
in the undoned Gag-speciflc CTL line 66B 
are stained fay the, Gag reagent but no stain- 
ing is observed with the Pol reagent { 1CJ. 
In each case, the presence of a positively 
staining population correlates with functional 
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Fluaro&cenee 

eUactQr.tar^aL ratio 



Gag Pal 

of 50:1. Btecfc bars, lysle of Gag-toaded 




100 ^JSm* 1&A 10 U tf . 103 10 * 101 102 103 i* i™Krii i* ^ioa™oMol 

CD 46 HO CD38 Ct^2L HLA-DR CD57 

3 3 ' / ^ , f l9 ^ 3Jrfece Polype HLA-Aa-Fol* cefls from patient 0&5. Peripheral blood cells 
S alned ^ de9Cribad (7<?) - A f»™l™tely 200,000 CD8* smal fy^phocyi^ were anojyzad far 
sn specificity by using the A2-Poi ifttr&mer and the expression ofthefonowtng surfaca markers wfih 
'can iSOlhtocyanat&^abeled antibodtes b& Indicated: CP45RO (Oako clone UCHL-i) CDflS 
^^P^ 1 ^ 1 ^ CP62L a****!. Lsu-e. clona SKnj, HIA-DR (Bacton Dickinson, 

U243). and CD57 (Becton Dickinson, done HNK-i). Contour plots we/e generated with 
^ wftwa™ (Bedon Dickinson) by using the 75% log density contour optfon to aerronstrats 
popylacions that stain posltiwe for HLA-A3-Poi. 
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killingr assays (19) (Fig. I, B and D)- To 
furcher dciiKkiacrace che generality and speci- 
toty of chwe reagents, we prepared a crrirtS 
HLA-A2 Cemmer containing a peptide (MP) 
fcom the influenza A matrix protein 
and used ic to core ceils (PG40IJ hom qn 
HLA-Al-MP-^pecific CTL line. Aiwtroyi. 
maiely 10% of the CD3 + cells in che bne 
boufld the A2-^P terminer (Fig. IE), aru* 
binding of die cerramer m as completely inhib- 
iccd by an ancftsody to TCR V p i7. the vari^ 
able gene segment thar domitwites the HLA- 
A2r-MP response (20). The line was sorted 
inco CD3+A2-MP* and CD^AZ-MP" frao 
tiians, which were. th«n a«»ycd for CTL ac- 
tivity at an cffccaw:eaTeCT tatin cf 1 : i . Si£ti\if- 
(cant kUlmjT acrivfty was ohsert'cd in Thc*A2- 
MP^ fracu'on hut nor in the A2-MP " fractU)n 
(Fig. IF). 

New, we tested the A2-Ca= and A2-Po| 
tctramcra for their ability to idenufy HIV- 
fipectfic CDS-'" celb prcsenr fri frwhly isolated 
peripheral blood mononuclear cells from 
HLA^A0201 + , HIVsscmpcsitlve doruwi, and 
tWeby ^rantitatc them rapidiy and directly. 
Fresh pcripherAl btond tnononuc]ear cells 
from four HLA-A2\ HlV-icrvipastchT: pa- 
tients were analyzed by rhree-<olor uuw cy- 
tomerry with tht A2-Pnl and A2-GagreTratti- 
tra {Fj^ 2). 3acJ^roui\d staining kveb wert 
efitabl idled by similar analyses of peripheral 
blood cells frnm HIV-5en>ne^tive k Jotv- 
risk. HLA-A0201 " donors. Jo ci-mekte 
the statnintf data u-idi functional assays, wc 
also estnhlished bulk cultures from rhc same 
preparation uf cells used J(l the sramine 
cxpeumence and assayed them for peptidc- 
dependent cytOtoYicity. 

The highest frequency of T cells specific 
for eiihcr the Gag or Pol epitopes -n.as found in 
patient 0jS5. where 0.77% of the CDS + small 
lymphncyws hound the A2-Pof terramer, 
whereas a smaller number of c«lU <G\28%) 
weri stained by chc A2-Cag wsciaiTier <Fig. 
2A). Jn ohe sample* from three additional 
patients, distinct peak? in die srninmg pr\ifi(es 
i»cxe observed with the A2-Gng tetramer, 
u^hereas no staining was observed with the 
A2-Pol reagent (Fi% t 2, B ihniugh D). Con- 
sistent with rhe stainUiu results, the bulk cul- 
ture cells from patient 065 kilted larger cells 
pulsed with die Pol peptide, whereas the bulk 
cultures from patients 868 (Fig. 2FJ and 077 
(Fig. 2C) exhibited the predicted killing ac- 
tivity towaxd G&e- but noc PoUoaded rarews. 
The bulk cultures from the fourth parient 
killed neither Gag- nor Pokloaded tsieen: 
(Fig. ZH), In two cases (Fig. 2, A andD). the 
srawung data predicts Ga^pecific killing, al- 
though none Mraa observed CFig. 2» H and Ft). 
Although the percentage of A2-Gag + cells in 
patient 065 (Fig. 2A) is significant, a distinct 
peak irt rhc A2-Gag staining profde was ab- 
sent, so that chc 0.28% of Aa-Gag* CD8* 
call* may represent an cvereatlrotc- AUetn-A* 
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tivcly, the A2-Oag + cells found In patients 
065 and 606 (Rg, 2, A and D) may have failed 
to proliferate or develop effector function in 
bulk culture possibly beeau$c of weaker pro- 
liferative capacity relative to other celk 

The frequency of an open-Specific T cells 
in patient blood that stain with out: reagents 
is quite high but is consistent with previous 
estimates for antUHlV CTL ropulscirxu. 
LDA of arui-HIV CTL responses has sug- 
gested precursor frequencies in rhc range of 
0.000 1 ra 0.003 (4, 21) , hue even these 
unusual] y high frequencies are thought co 
he pn underestimate because an analy&u of 
clones present in TCR, cDNA libraries sug- 
gests frequencies as high as 1:100 [4, 5). 
This J&ttr estimate is supported by the mure 
direct staining data we present. 

The phenotypic state of a T cell Ls d>perv 
dene oo its contact with nn antigen and can 
be analysed with a variety of celt-rsurfact 
markers [22, 23). Powerful techniques for 
phenotypic analysis of antigen-specific T cells 
use trace popularim\s nf trnnsgealc T cells that 
can be labeled with clonotypic antibodies {23, 
24); alternatively, cells from nontransgenic 
subjects can first he surted according to phe- 
nocype t followed by assay for antigen specific- 
ity by LDA techniques (25). The MHC tec- 
ratnsrs provide a mere general, rapid, and 
direct method for analysis of the phenotypic 
state of antigen-specific T cells. To demon- 
strate this, ve analyzed the phenotype of the 
A2-Pol-5pedfic cells we round in the periph- 
eral blood of patient 065 (Fig. 3). The 
COS^AI-Pol**" population is composed al- 
most exclusively of cells that are CD45RO* 
pnd CD62L", boriS indicating the memory 
pnd effector phenotypes expecred for cells 
vvlch a history of contact with antigeru Th& 
AZ-Pol" 1 " cells sire predominantly negative for 
tl\c activation marker* HLA-DR (26) and 
CD38 [21\ which suggests a memory rather 
than effector phenotype; the A2-P<?1 + cells 
are also negative for CD57, a marker of un- 
fcrmwn function round on elevated percent- 
ages of CDS + cells in HLV-Lnfeeced patients 
(22). A fimibr bias toward a m±rnt*y~cell 
phenotype \vas observed in the HIV antlgert- 
apecific cells of two other patients (ZS) , sug- 
gesting that this may be a general feature of 
asymptomatic individuals. 

The methodology <we introduce here pro- 
vides a powerful and general tool for the 
study of the development and phenotype of 
antigen-specific T cells- It docs noc require 
in vitro assays such as LDA to determine and 
quantify pep tide -specific responses. Other 
approaches to the 5t\.«3y of antigen-specific T 
cells in vivo require either the use of crans. 
Eenic cells (23. 24) or that the TCR reper- 
toire of the responding cells be unusually 
restricted and that antibodies to V a and V» 
domains are available (J , S). Staining T cells 
with a tetrameric peptide-MHC complex as 



described here solves many of the problems 
inherent In these techniques. The method- 
ology is also generally applicable because it 
can be adapted for any T cell ligand by the 
engineering and expression qf pepcide-MHC 
complexes followed by tetramer synthesis. 
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Live Salmonella as vaccines arfd 
carriers of foreign antigenic 
determinants 

Steven N. Chatfleld, Richard A. Strugnell and Gordon Dougan 



Salmonella species can be rationally attenuated by 
introducing non-reverting defined mutations into the 
genome to produce live vaccine strains. Several genes have 
been identified which when mutated, wilt attenuate 
Salmonella e. In particular, salmonella strains harbouring 
mutations in genes involved in the pre-chorismate bio- 
synthetic pathway make excellent oral vaccines evoking 
strong humoral, local and cellular immune responses in the 
host. Because of the spectrum of immune responses induced 
by live vaccine strains they have the potential to be used 
for delivery of heterologous antigens to the mammalian 
immune system, A number of antigens from other bacteria, 
viruses and parasites have been expressed in live salmonella 
vaccine strains. Such hybrid strains have the potential to 
be used as multivalent vaccines against a number of 
infectious diseases. 



Keywords: SaimontUa spp, live vaccine: vector 

Salmonella infections remain a serious world health 
problem. These pathogens form a closely related group 
of species which are capable of causing a variety of 
diseases in mammals ranging from a localized gastro- 
enteritis to disseminated infections involving organs of 
the mononuclear phagocyte system (MPS), namely the 
spleen, liver, lymph nodes and bone marrow. In man, 
Salmonella typhi, the cause of typhoid is the most 
dramatic example of an invasive salmonella although 
other salmonella species can cause systemic infections. 
Work on the development of new typhoid vaccines has 
shown that live attenuated salmonella strains can elicit 
protective immunity and induce secretory, humoral and 
cellular anti-salmonella responses in the host after 
oral administration. Thus live salmonella vaccines are 
potentially potent oral irnmunogens. Since there is no 
realistic small animal model for studying 5. typhi 
infections much oF the work carried out on developing 
novel typhoid vaccines has utilized mouse virulent strains 
of salmonella such as 5. typhimurium* $. dublin and S. 
enteriditis. These strains cause invasive infections in 
susceptible mice which resemble typhoid in humans L ~ 3 . 
The use of the murine typhoid model has led to the 
construction of a number of rationally attenuated 
salmonella vaccine strains that have the potential to 
protect against typhoid and other salmonella infections 
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and also to be used for the oral delivery of heterologous 
antigens to the immune system. The use of suchltrains 
will be described in this review. 

Methods of attenuating virulent salmonella strains 

Attenuated salmonella strains could provide a route for 
the development of a range of practical oral vaccines. 
Any salmonella strain considered for use as a carrier 
should be attenuated in a genetically defined manner and 
be well characterized in civo. Early attempts to attenuate 
salmonella involved the use of mutants of S. typhi 
dependent on streptomycin for growth in vitro*- 5 . 
Further attempts to produce attenuated salmonella 
mutants used chemical mutagenesis*. Although useful 
information was obtained, and a practical oral typhoid 
vaccine, Ty21a 7 , was approved for use in humans, this 
approach has been superceded by more defined genetic 
■techniques. A number of individual genes in which 
mutations give rise to attenuated strains have been 
identified and these are listed in Table 1. 

The most exhaustive studies on genetically defined 
attenuated variants have been carried out on auxotrophic 
mutants. Following up observations made in the 1950s 9 9 
Hotserh and Stocker 10 described the construction of 5, 
typhimurlum strains harbouring tranposon insertions in 
the aroA gene. Salmonella aroA strains were found to be 
highly attenuated in mice and proved to be excellent 
single dose oral vaccines against salmonellosis. Subse- 
quently aroA mutants of salmonella have been tested 
extensively in mice* 1-13 , calves 131 * and sheep 15 and 
were found to be attenuated and able to induce protective 
immunity. The aroA gene located at I9min on the 
S. typhimurium genetic map 16 encodes 5-enolpyruvylshik- 

Tuble i Individual genes in which mutations give rise to attenuation 
in Salmonella Sp. 



Gene Enzyme/function Re'erenco 



aroA.C.D AfOrtiatic compound biosynthesis 10. 12-15. 17, 

Pre-Qhorlf mate pathway 18. 21. 22 

par A.B.E.H. Purine biosynthesis 12, 20 

ga/S UDP glucose 4-epjmerase 47 

cya Adenylate cyclase 23 

Qrp cAMP receptor protein 23 

ornpR Outer membrane protein, modulates 

porin expression 24 

phaP Non-specific acid phosphatase 25 
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5,68 aroA arcc. Each point represents trie geometric mean + two standard errors for four mice. Counts in individual mice when one or more of trie 
group aF four organs had no detectable salmoneilaa are indicated (Li, U2) 



imate-3-phosphate synthetase, the penultimate enzyme 
of the early common prechorismate pathway leading to 
the synthesis of chorismate and then to aromatic amino 
acids, para-amino benzoic acid, and 2.4-dihydroxyben- 
^oate- Arc mutants are dependent on these compounds 
for growth in vitro. Mammals do not possess this pathway 
and it is likely that the availability of some of these 
compounds in oivo is limited. 

Following on from the work with mouse virulent 
salmonella, auxotrophic mutants of S. typhi were 
constructed 1718 . To reduce the possibility of reversion 
to virulence it was thought wise to introduce two 
independent, stable attenuating mutations that map at 
widely separate locations on the chromosome. To this 
end Levine and colleagues x 9 constructed strains of 5- 
typhi harbouring aroA pur A mutations. Pur A. is a gene 
involved in purine biosynthesis and it had previously 
been shown that purine dependent salmonella strains 
were attenuated 11, . The S. typhi aroA pur A strains were 
fed to human volunteers and were found to be attenuated 
but poorly immunogenic 19 . 

Extensive studies with single and double auxotrophic 
mutants constructed by introducing different stable pro 
and pur deletion mutations into mouse virulent S. 
typhimurium showed that strains harbouring single and 
different combinations of auxotrophic mutations differed 
substantially in their immunogentcity 12 - 21 * 22 , PurA 
mutants were found to be highly attenuated, more so 
than aroA mutants. This was reflected by the patterns of 
in vivo persistence after intravenous administration in the 
MPS of mice, pur A mutants persisting for longer but not 
reaching such high levels in livers and spleens as aroA 
mutants. Combined aroA purA mutants had a different 
pattern of persistence distinct from that of either single 
mutant. In terms of vaccine potential aroA mutants were 
excellent live vaccines while purA and aroA purA were 
poor vaccines in terms of protection against virulent 
challenge. To explain these differences further studies 
were carried out to determine humoral and cellular 



immune responses to these mutants. It was determined 
that both aroA and purA vaccine strains elicited strong 
humoral antibody responses although the response to 
aroA strains was significantly higher and oroA strains 
were found to be much more effective macrophage 
activators than purA strains (our unpublished observations). 

The main conclusions drawn from these extensive 
animal studies was that strains harbouring single and 
double combinations of mutations in the pre-chorismate 
biosynthetic pathway such as aroA, aroD or aroC 
behaved in a similar manner in terms of attenuation and 
in vivo persistence and all were excellent single dose oral 
and parenteral vaccines. Figure 1 demonstrates the 
similarity of these strains by comparing the in vivo 
persistence in livers of BaJb/c mice of aroA, aroC and 
ar<?A aroC S. typhimurium S LI 3 44 after intravenous 
administration. All strains exhibited a very similar 
pattern of persistence with no salmon eUae detectable for 
any of the strains by day 56. In contrast purA mutations 
were too attenuated to provide protection against 
salmonellosis in a single oral dose although they were 
still able to stimulate local secretory immune responses- 
However, similar S. typhi derivatives have not been fully 
tested in humans. 

More limited studies have been carried out with 
salmonella strains harbouring other attenuating lesions. 
5. typhimurium strains harbouring deletions in cya 
(adenylate cyclase) and crp (cyclase receptor protein) 
have been constructed 23 and were found to be attenuated 
and effective as oral vaccines. It has recently been shown 
that S. typhimurium strains harbouring stable mutations 
in ompR, a positive regulator of porin expression, are 
attenuated following oral or parenteral administration to 
mice 24 . These strains were also effective oral vaccines 2 *, 
salmonella strains harbouring mutations in another 
regulatory gene, phoP< have recently been shown to be 
attenuated 23 . Apparently mutations in phoP impaired the 
ability of salmonella strains to survive intracellular^ 
inside macrophages 25 . 
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Mutagenesis methods are now available to target 
mutations into secreted bacterial proteins with the idea 
that most proteins which play a role in bacterial virulence 
are located at, or puss through, the surface of the bacteria 
where they can readily interact with the host. One such 
system uses TnpAoA. a hybrid TnJ transposon 26 . This 
approach has been used to isolate .several orally 
attenuated S. typhimurium 1 ^ and S. choleraesuis mutants". 

Attenuated salmonella strains as carriers of 
heterologous antigens 

his now clear that there are available a series of rationally 
attenuated salmonella vaccine strains capable of eliciting 
varying degrees of immune responses after oral adminis- 
tration. These properties make salmonella an attractive 
carrier of potential protective heterologous antigens to 
the mammalian Immune system. Salmonella can survive 
and grow within macrophages and other professional 
phagocytic cells 29 and this property may have important 
consequences for the abilities of salmonella vaccines to 
present cloned antigens. 

S. typhimurium is closely related to Escherichia colt, 
the organisms sharing much of the same genetic 
information. Much of what is known about bacterial 
genetics stems from work with these two organisms and 
thus systems for conjugation, transformation and trans- 
duction are well developed in salmonella. DNA sequences 
which direct the expression of antigens in E, coli will 
normally express in salmonella making it possible to 
clone and characterize a potentially useful antigen in E. 
coli, before transferring into salmonella vaccine strains 
for evaluation. The major problem encountered whilst 
attempting to express foreign genes in salmonella vaccine 
strains is plasmid instability and this has been discussed 
extensively elsewhere 30,31 . 

Much of the early heterologous antigen carrier work 
utilized the S. typhi human oral typhoid vaccine strain 
Ty2la tS . A Salmonetta^Shigelia hybrid was constructed 
by moving the virulence-associated plasmid of S. sonnei 
that encodes genes for the biosynthesis of the Shigella 
form 1 antigens into Ty21a. Hybrid strains expressed 
the antigen on the surface as well as 09 and 012 somatic 
antigens of 5. typhi 32 . This strain was used to vaccinate 
mice and induced immune responses to both 5. sonnei 
and S. typhi antigens. Moreover, this bivalent vaccine 
has been shown to protect human volunteers against 
challenge with S. sonnei**. 

Early work with salmonella vaccine strains harbouring 
defined mutations utilized the heat-labile toxin B subunit 
(LT-B) of enterotoxigenic £, coli (ETEC). LT-B heat- 
labile toxin is a two subunit toxin secreted by many 
ETEC isolates 34,55 . The B subunit i$ highly immunogenic 
and nontoxic and could be a component of an 
enterotoxigenic E. coli (ETEC) or Vibrio cholerae vaccine. 
Strains of 5. typhimurium and S. erxteritidis have been 
constructed which express LT-B S6,3T . Mice fed these 
strains developed high litres of gut-associated IgA against 
both salmonella and LT-B. Serum antibody also 
neutralized the activity of labile toxin against susceptible 
tissue culture cells. LT-B has also been introduced into 
Ty2Ia 3B . Such a hybrid strain might form the basis of 
a triple vaccine against typhoid, cholera and entero- 
toxigenic E. coli- related diarrhoea! diseases. 

The antigens discussed so far are all from closely related 
organisms. It is now possible, with modern genetic 
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techniques, to introduce antigens from other prokaryotes 
and higher organisms such as parasites into salmonella. 
Poirier et £^^, J * , have recently reported the transformation 
of a S. {y phi murium aroA strain with a plasmid encoding 
the M5 protein of Streptococcus pyogenes. The M protein 
is u major virulence factor of 5. pyogenes. When mice 
were infected orally with this hybrid strain they developed 
serum and mucosal antibody responses against the type 
M$ protein. Furthermore the mice were completely 
protected against both intranasal and intraperitoneal 
challenge with M5 producing streptococci. 

With regard to antigens from higher organisms there 
arc, to date, few examples. Taylor et al,*® have expressed 
a cloned antigen from Schistosoma mansuni in galE and' 
aroA S* typhimurium strains but failed to elicit an immune 
response against the antigen in mice. More recently 
Sadoff et a/. 41 have introduced the circumsporozoite 
protein of a rodent malaria parasite, Plasmodium berghei, 
into an avirulent salmonella strain which was used to 
orally vaccinate mice. Protection against sporozoite 
challenge was demonstrated five weeks after vaccination 
in the absence of detectable antibody, indicating the 
induction of a specific anii-plasmodium cellular response. 

Some investigators believe that it is advantageous to 
present heterologous antigens on the surface of the 
delivering organism. Several secretion systems have been 
developed for expressing foreign antigenic determinants 
at the bacterial cell surface. For example peptides can be 
expressed at sites within the £. coli LamE and PhoE 
proteins and the sequences can be detected at the cell 
surface. Lam^ 2 and phoE** genes encode outer mem- 
brane proteins. Newton et a// 4, recently described the 
use of flagella of salmonella for presenting foreign 
antigens. They inserted a synthetic oligonucleotide 
encoding an epitope of cholera toxin subunit B into 
flagella of an aroA S. dublin* When given to mice this 
hybrid strain evoked a humoral antibody response to 
cholera toxin. 

It has also been demonstrated that ^-galactosidase. an 
intracellular protein from E. coli. elicits a good humoral 
and cellular immune response in mice when delivered 
using attenuated salmonella 45 / This infers that it may 
not be necessary to express the heterologous antigen on 
the bacterial cell surface to generate a strong immune 
response. Indeed we have recently found that salmonella 
expressing the influenrae virus nucleoprotein as an 
intracellular antigen* 6 can stimulate humoral and cyto- 
toxic T-cell responses to the nucleoprotein in mice 
{J. Tite, personal communication). 



Conclusions 

Techniques are now available for introducing defined 
genetic lesions into virulent pathogens such as S. typhi. 
Some of these rationally attenuated live vaccines provide 
good protection against homologous challenge and can 
act as carriers of foreign genes. Such bivalent or 
multivalent oral vaccines may offer important advances 
in immunization against infectious diseases. 
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Biological and immunogenic properties 
of a canarypox-rabies recombinant, 
ALVAC-RG (vCP65) in nori-avian 
species 

J. Taylor\ B. Meignier\ J. Tartaglia\ B- Languet*, J. VanderHoeven\ 
G. Franchini*, C. Trimarchi" and E. Paoiettf 

A conarypox-bosed (ALVAC) recombinant expressing the rabies G glycoprotein has 
been utilized to assess in vitro and in vivo biological properties of the canarypox virus 
vector system. In vitro studies have shown that no replication of the virus can be detected 
on six human-derived cell lines, nor can the virus be readily adapted to replicate on non- 
avian ceils. Expression of the rabies G can be detected on all cell lines analyzed in the 
absence of productive viral replication. Analysis of viral-specific DNA accumulation 
indicated that the block in the replication cycle in the human cell lines analyzed occurred 
prior to DNA replication. The exact nature of the block t however, remains unknown. The 
concept of using a nan-replicating immunization vehicle has been demonstrated through 
extensive in vivo studies in a range of species including non-human primates and humans, 
The results of such in vivo studies have exemplified the safety and immiutogenicity of the 
ALVAC vaccine vector. 

Keywords: Poxvifus-based vaccines; canarypox virus (ALVAC); Al_VAC-R<J(vCP65): safely; hnmunQgenicity 



The d envelopment of naturally host-restricted avipox 
virus vectors capable of expressing extrinsic 
immunogens and inducing a protective immune 
response against lethal viral challenge in mammalian 
species has been described' -\ Fowlpox virus (FPV) and 
canarypox virus (CFV) are members of the avipox virus 
genus of the Orthopoxvirus family. Productive 
replication of avipox viruses is restricted to avian 
species*. Both FPV and CPV-rabies recombinants 1, 3 
express the rabies glycoprotein in tissue culture cells of 
non-avian origin without apparent replication of the 
vector virus. Inoculation of these recombinants into a 
range of non-avian species including mice. cats, and 
dogs demonstrated that the level of expression of the 
foreign gene product was sufficient to induce rabies- 
specific serum neutralizing antibodies and to' protect 
against a lethal rabies virus challenge. 

Potency tests in mice indicated that a CPV vector 
expressing the rabies glycoprotein was 100-fold more 
efficacious than an FPV-based vector and that the 
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protective efficacy of a host-restricted CPV-rabies vector 
was similar to that of a replication-competent vaccinia 
virus vector containing the rabies G gene in the 
thymidine kinase locus 1 . Further, both replication 
competent VV-measlcs recombinants and a host- 
restricted CPV-measles recombinant induced similar 
levels' of measles virus neutralizing antibody and 
protection against experimental canine distemper virus 
challenge in dogs*. 

Additional studies have shown that the utility of 
avipox vectors as immunizing agents in non-avian 
species is not limited 10 the rabies glycoprotein or 
measles virus immunogens. Vaccination of cats with an 
ALVAC-based recombinant expressing the feline 
leukemia vims (FeLV) A subtype Env and Gag proteins 
protects against the development of persistent vircmia 
following FcLV challenge exposure 7 , ALVAC 
recombinants expressing immunogens from Japanese 
encephalitis virus (JEV) have also been shown to protect 
mice against a lethal JEV challenge*. Safety and 
immunogenic] ty studies in horses utilizing an ALVAC 
recombinant expressing the hemagglutinin glycoproteins 
from the Al and A2 serotypes of equine influenza virus 
demonstrated the induction of type specific 
hemaggludnaiion-inhibiting antibodies and protection 
against an A2 epizootic*. An ALVAC-based 
recombinant expressing the HIV-l envelope 
glycoprotein has recently been shown to induce HIV- 
specific antibody and cytotoxic T-lymphocyte responses 
in mice*. These examples of ALVAC recombinants 
expressing immunogens From a variety of vjral 
pathogens indicate the general utility of ALVAC-based 
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recombinant viruses as immunization vehicles in aj 
variety of mammalian species. , [ j 

Avjpox virus-based vectors theoretically provide | 
significant safety advantages in light of their inability to ! 
productively replicate in non-avian species. Such a, 
vaccine vector should not allow dissemination within j 
the vaccinated individual, contact transmission to non- ! 
vaccinated individuals, or general contamination of tht 
environment. The concept of utilizing a replication' 
restricted vaccine vector, ALVAC-RG, in humans has 
recently been assessed with promising results. Th« 
experimental vaccine was well tolerated and induccc 
protective levels of rabies-neutralizing antibodies' °- 11 

These studies in rarget species have provided a 
database which has indicated that ALVAC-based 
recombinants may have significant advantages as 
vector-based vaccines. It therefore was critical to 
rigorously evaluate the safety characteristics of 
ALVAC-based recombinants in laboratory animals and 
to establish the innocuity and immunogenicity of the 
vector in both non-human primates and target species 
This report describes in vitro and in viva studies designed 
to explore the basis of host restriction, safety, and 
immunizing potential of the ALVAC-based vector. 

MATERIALS AND METHODS 
Ceib and viruses 

Viral amplifications and plaque titrations were 
performed on primary chicken embryo fibroblast (CEF) 
cells from 10 to 11 day embryos of SPF origin 
Titrations were also performed as a microliter assay on 
the quail QT35 cell line 12 and titers determined by the 
method of Karber 11 . 

The origin of other cells used in this study is as 
follows: (1) VERO cells (ATCC No. CCL8I) are a line 
derived from African Green Monkey kidney; (2) MRC- 
5 (ATCC No. CCL171) are of human embryonic lung 
origin; (3) HNK are human neonatal kidney cells 
subcultured for less than five passages (Whit taker 
BioProducts, lnc„ Walkersville, MD (Cat. No. 70-151)); 
(4) HEL 299 arc human embryonic lung cells (ATCC 
No. CCL137); (5) WISH are of human amnion origin 
(ATCC No. CCL25); (6) DETROIT S32 are of human 
foreskin (Down's Syndrome) origin (ATCC No. 
CCL54); (7) JT-1 is a human lymph oblastoid cell line 
transformed with Epstein-Barr virus as described in 
Rickinson aV* 

The canarypox virus strain from which ALVAC was 
derived was isolated from a pox lesion on an infected 
canary. The virus was first isolated at the Rentschler 
Bakteriologishes Institute Lauphein, Wunemberg. 
Germany, whera it was attenuated by 200 serial 
passages in CEFs. This attenuated strain (Kanapox) 
obtained from Rhone Merieux is licensed as a vaccine 
for canaries in France. At Virogcnclics, the virus was 
subjected to four successive rounds of plaque 
purification under agarose. One plaque isolate, 
designated ALVAC, was selected for amplification and 
used in these studies. 

Development of recombinant ALVAC-RG (vCP65) 

The canarypox rabies recombinant was derived by 
methods previously described' ' ,s - A unique insertion 
locus was defined at a BgWl site within an 880 bp PvuW 



fragment of CPV genomic DN A. The DNA sequence of 
this fragment was determined and the open reading 
frame (ORF) designated as C5 defined. Deletion of the 
enure C5 ORF was made by standard molecular 
biological procedures 17 " ,H without interruption of 
neighboring ORFs. The C5 ORF was replaced by 
Hindlll, Smal and Eco&l insertion sites followed by 
translation termination codons and early vaccinia virus 
transcription termination signals 19 . 

The ERA strain rabies glycoprotein cDNA 20,2 ' 
linked to the early/late vaccinia virus H6 



promoter 



was inserted at the Smal site The 



resulting plasmid, pRW838, was transfected into 
ALVAC-infccted primary CEF cells using the calcium 
phosphate precipitation method 1 s . Plaques were selected 
oii the basis of DNA hybridization to a rabies G^-spccific 
radio labelled probe and subjected to sequential rounds 
of plaque purification. A representative plaque was then 
amplified and designated ALVAC-RG with the 
laboratory designation of vCP65, 

Inoculation of non-avian cells with ALVAC-RG 

A variety of human cell substrates, MRC-5, HNK, 
HEL, DETROIT-532, WISH and JT-1, were inoculated 
with ALVAC-RG and analyzed for expression of the 
rabies G gene, and accumulation of viral-specific DNA. 
Primary CEF cells were included as a permissive 
substrate. 

Viral DNA accumulation 

Sixty millimetre dishes containing two million cells of 
each cell type under test were inoculated with ALVAC 
at|a multiplicity of infection (MOl) of 5 p.f.u, per cell. 
After an adsorption period of 1 h at 37 W C the inoculum 
was removed, the monolayer washed twice to remove 
unkdsorbed virus and the infected monolayer refed with 
5 ml of Eagle's Minimal Essential Medium (EMEM) + 
2% Newborn Calf Serum (NCS). Cells from one dish 
wejre harvested at f 0 and the remaining dishes were 
incubated, in the presence or absence of 40 /ig ml' 1 of 
cytosine arabinoside (AraC; Sigma No. C6654), at 37*C 
for 72 h. Cells were collected and resuspended in 0.5 ml 
phosphate buffered saline (PBS) containing 40 mM 
EDTA and incubated for 5 min at 37°C An equal 
volume of 1.5% agarose containing 120 mM EDTA, 
pre warmed to 42°C was gently mixed with the cell 
suspension and transferred to an agarose plug mold. 
After solidification, the agarose plugs were removed and 
incubated for 12-16 h at 50°C in a volume of lysis buffer 
(1% sarkosyl, 100 p% ml"' proteinase K, 10 mM Trig 
HC1 pH 7.5, 200 mM EDTA) sufficient to cover the 
plug. The lysis buffer was then replaced with 5 ml 
0-5xTBE (44.5 mM Tris borate, 44.5 mM boric acid, 0.5 
mM EDTA) and equilibrated at 4*C for 6 h with 3 
changes of 0.5>iTBE buffer. The viral DNA within the 
plug was fractionated from cellular nucleic acid using a 
BIO-RAD CHEF-DR TI pulse field electrophoresis 
system (1 SO V/20 h/l 5°C) in 0.5xTBE with a ramp time 
of 50-90 s, using lambda DNA as molecular weight 
standards. The viral DNA band was first visualized by 
staining with EtBr, then transferred to a nitrocellulose 
membrane and probed with a radiolabeled probe 
prepared from purified canarypox genomic DNA- 
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Analysis of expression of rabies G gene 

Irrununoprecipitation analysis was performed from a 
radiolabeled lysate of each cell line infected with 
ALVAC or ALVAC-RG (vCF65) as described in 
Tanaglia et ai lB using a rabies gJycoprotein-spccific 
monoclonal antibody designated 24-3 F 10, 

Time course study 

MRC-5 and CEF monolayers were inoculated with 1C 
pfu/cell of ALVAC or ALVAC-RG (vCP65) at 37»C Foi 
60 min. The in oculurn was removed, the mono] ay ex 
washed twice, and the medium replaced. At [, 3. 5, 9, 
13» 17. and 25 h post infection, the culture was labelled 
for I h by the addition of methianine-frce medium 
containing 25 //Ci ml"' of "S-methionine (DuPont 
NEN; 1 140 Ci mrnol" 1 ). Infected cells were scraped from 
the culture dishes, collected by centrifugalion, washed 
twice with PBS and lysed by the addition of 2 ml of 
Buffer A (18). Infected cell lysates were analyzed for 
expression of the rabies G gene by immunoprecipication 
as described in Tanaglia ei al '* 

Safety studies in laboratory animals 

Groups of rabbits (New Zealand white ESD), guinea 
pigs (Dunkin-Hartley, Libeau) and mice (IFFA Credo. 
Les Oncins, France) were inoculated with ALVAC-RG 
by a variety of routes as shown in Table /. Animals were' 
inspected daily for signs of reactogenicily and at the' 
termination of the test at 14-21 days, animals were 
euthanized and tissue at the site of inoculation 
examined. To monitor neuro virulence, nine male OF, 
mice were anesthetized and injected by the i.e. route 
with ALVAC-RG (vCP65). Three mice were inoculated 
with an uninfected cell extract. Three inoculated and 
one control mice were sacrificed on days 1 , 3 and 6 post- 
inocufetioiL Brains were fixed in situ by immersing the 
opened skull in a solution of buffered formalin. After ■ 
processing, 5 sections were made and stained with 
gallocyanin/phloxine. The sections involved the 
following levels: A: corpus striatum, B: infundibulum. 
C: pcdunculi cerebri, D: pons and E: cerebellum. 

Comparison of virulence of Kanapox virus (Rent&chJer 
strain of CPV) and ALVAC-RG in canary birds 

Canary birds certified to have not been immunized 
with canarypox virus were obtained from PIC Grains 
(Vignouse sur Barangeon, France). Birds were 
inoculated with 5.0 or 7.0 log lo p.f.u, of either Kanapox 
(Rentschler strain of CPV) or ALVAC-RG (vCP65) by 



Tfetfe 1 Safely studies in laboratory animate: schedule of 
inoculation Dy different routes 



Specie? 


Virus 


Doge 


Route 


Volume 


Siles 


Rabbit 


ALVAC 


5.7* 


i.e. 


0.1 ml 


1 




ALVAC-RG 


5.7 




0.1 ml 


1 




ALVAC-RG 


6.3 




0.2 mi 


5 




ALVAC-RG 


8.0 


3.C 


9.0 ml 


1 


Guinea pig 


ALVAC-RG 


6.0 


i.d. 


0.1 ml 


5 




ALVAC-RG 


7,3 


s.c. 


2.0 ml 


1 


Mice 


ALVAC-RG 


5-7 


Id. 


0.05 ml 


S 




ALVAC-RG 


e.7 


s.c. 


0.5 ml 


1 




ALVAC-RG 


6.0 


i.e. 


0.O5 ml 


1 


'inoculum dose expressed as log 1Q TCID„ 



smearing 50 fA of a 1:1 mixture of virus suspension and 
glycerin on a 0.5 cm 2 area from which the feathers had 
been removed on the back of each bird. Birds were 
monitored on a daily basis for one month 
posdnoculation with weighing at 2-3 day intervals, 

Inoculation of ALVAC-RG into the skm of canary birds 
and mice 

Female OF, mice were injected by the i d. route in 
each ear pinna with 5.0 Jog JO TCID*, of ALVAC-RG 
(vCP65) in 20 /d, Canary birds received an equivalent 
dose mixed with glycerin and smeared on a 1.0 cm 2 area 
of skin on the back from which feathers had been 
removed, Al time intervals, animals were sacrificed and 
the skin surrounding the site of inoculation was 
dissected, homogenized in medium 199/Ham F10 plus 
2% FCS, and stored at — 70°C Mouse specimens 
consisted of the entire skin covering the dorsal face of 
the ear pinna. Homogenates were thawed, sonicated, 
centrifuged, diluted 1:100 to avoid toxicity, and titrated 
in serial dilutions in QT35 cells. 

immunogenic] ty and safety studies in primate species 

Three species of non-human primate, rhesus 
macaques, chimpanzees and squirrel monkeys {Saimiri 
scivreus) were inoculated with ALVAC-RG as shown in 
Table 2, The study in squirrel monkeys also addressed 
the questions of the ability to re-isolate virus after 
inoculation by a variety of routes and the immune 
response to ALVAC-RG in the face of pre-existing 
ALVAC immunity. In this study, three groups of four 
squirrel monkeys were inoculated with one of three 
viruses: (a) ALVAC, the parental canarypox virus; (b) 
ALVAC-RG (VCP65J; or (c) ALVAC-FL (vCP37), a 
canarypox recombinant expressing the envelope 
glycoprotein of FeLV (Tartaglia et aL, unpublished 
data). Inoculations were performed under ketamine 
anesthesia. Each animal received at the same time: (1) 
20 '^l instilled on the surface of the right eye without 
scarification; (2) 100 *d as several droplets in the mouth; 
(3) 100 pi in each of two i.d. injection sites in the shaven 
skin of the externa] face of the right arm; and (4) 100 yl 
in the anterior muscle of the right thigh. In each group, 
two animals received 5,0 log, u p.f.u. and two animals 
received 7,0 log lw p.f.u. of the appropriate virus. Virus 
isolation was attempted from the site of inoculation for 
11 days post-inoculation and all monkeys were 
monitored for adverse reactions. Six months after the 
initial inoculation, selected animals from each group 
plus one canarypox naive animal were inoculated with 
ALVAC-RG [vCP65) as described in Table 2. All 
animals ^ were monitored for adverse reactions to 
vaccination and sera analyzed for the presence of anti- 
rabies antibodies^*. 

RESULTS 

Derivation of ALVAC-RG (vCP65) 

The strategy used to develop FPV* , ** 2 - 1 ' and CPV 2, * 
recombinants involved insertion of the foreign gene at a 
unique restriction site within an ORF previously defined 
as nonessential. No attempt was made to precisely 
delete the interrupted ORF. In the generation of 
ALVAC-RG (vCP65), an insertion plasmid containing 
the H6/rabics G expression cassette was constructed 



Vaccine 1995 Volume 13 Number 6 541 



No Transmission Information 'Available in line CO] for SF10017 printed 11/20/2002 08:21 * Pg 15/g 
20/11 '02 17:05 FAX 61 3 9663 3099 FB KlUi «t ^u. ^ 



In vitro end in vivo studies of a canarypox-cabies recotqbinapt^ J. TayhreX al 
Table 2 Schedule of fnoculation of primate species With ALVAC-EU3 (vCP65) ( 



Spedas 


Designation 


Dose* 


Route 


'I' 


Previous inoculations 


Booster dose. Interval 


Rhesus macaquo 


•\Tt irtrf 4 Aft 

I// antj T oo 


"7 V 
r . r 


s.c. 




none 


T n inn rtawc 




178 


7.0 


3,0. 


!:■ 


none 


none 




1B2 


7.0 


i.m. 




none 


none 




179 


5,0 


s.c. 


,! 


none 


none 




163 


5.0 


, i.m. 


'i 


none 


none 




160 


5-0 


; SvC. 




none 


none 




1S4 


5.0 


j i.m. 




none 


none 


Chimpanzee 


431 


7.0 


■ i.m. 


i 


none 


7.0, 84 days 


457 


7.0 


; sx. 


'!' 
i 


none 


7.0. 64 days 


Squirrel monkey 


37. 53 


6.5 


j 5.C- 




5.0 r ALVAC-RG 


180 days 


38, 54 


S.5 




i' 


7.0, ALVAC-RG 


180 days 




22, 51 


6.5 


■ s.c. 




5.0, ALVAC 


IBOdays 




39, 55 


6.5 


s.c. 




5.0, ALVAC-FL* 


1 B0 days 




57 


6.5 


j s,c. 




none 


none 


"Virus dose expressed 


as log™ p.f.u. par ml 




1 








D A cenaiypox recomoin 


ant expressing the envelope glycoprato 


in of. FeLV <T 


artagJie 

1 ■! 


et a/., unpublished data) 





such that the flanking arms of the plasmid directed I 
replacement of the non-essential ORF with the foreign , 
gene. Insertion of the foreign gene was accomplished i 
without altering neighboring ORFs and the generation . 
of novel ORFs was precluded by engineering ' 
translational stop codons in all appropriate reading ' 
frames. The derived recombinant, ALVAC-RG ; 
(vCP65), was confirmed to contain the rabies G ' 
expression cassette in the correct C5 locus by Southern ! 
blot analysis, PCR analysis, and nucleotide sequence ; . 
analysis (data not presented). Further, expression > 
analyses by immunofluorescence and immune- 1 
precipitation using a rabies G glycoprotein-specific ' 
monoclonal antibody confirmed the expression of the 66 | 
fcDa rabies glycoprotein on the surface of ALVAC-RG ! 
infected cells. 

In vitro studies 

Analysis of expression of the rabies G gene in avian and ' 
human derived cells. Prior results have indicated that i 
ALVAC and derived recombinants do not productively j 
replicate in a range of non-avian cell lines, including 1 
those derived from monkey, mouse, cat and human 1 " j 
(unpublished results). Additionally, in a similar study to \ 
that described in Taylor at al. ' attempts to adapt 
ALVAC and ALVAC-RG (vCP65) to grow in two non- : 
avian cell lines (MRC-5 and VERO) have failed". Blind ' 
passages of bath ALVAC and ALVAC-RG were j 
performed in VERO. MRC-5 and primary CEF I 
monolayers for 8 or 10 sequential passages of 7 days I 
duration. While a 100-fold increase in viral titer was | 
apparent in CEF cells after each passage in the series, ! 
after one passage in mammalian celts, the viral titer was , 
lower than the residual input titer and titers fell below • 
the level of detectability after two passages**. j 

In order to establish that in the absence of productive | 
viral replication the rabies glycoprotein (G) was 
expressed in the human derived cell lines, i 
immunoprecipitation experiments were performed. The 
results of a representative analysis are shown in Figure 1 ■ 
/. No specific immunoprecipi cation products were I 
detecled in lysates derived from uninfected cells (lanes a, 
d and g) or cells infected with the parental ALVAC 
virus (lanes b, e and h). Immunoprecipitation of a 66 
kl>a protein by the rabies- specific monoclonal antibody 1 
was apparent from lysates derived from ALVAC-RG 



infected CEF, HNK. and HEL cells (Figure 7, lanes c, f 
an&lju respectively). This size is consistent with that 
described for SDS-PAGE of the rabies glycoprotein 

Gt£ 

Tri order to determine whether expression of the rabies 
G l>ene product would be maintained in human derived 
cells; inoculated with ALVAC-RG (vCP65) in the 
absence of productive replication, a time course study 
wak.lperformed as described in Materials and Methods. 
Irnmunoprecipitation of the rabies G is shown in 
Figures 2a (CEF cells) and 2b (MRC-5 cells). 
Expression of the rabies G in both CEF and MRC-5 
cellsToccurs as early as 1 h post-infection and continues 
undiWiished under the control of the early/late H6" 
promoter throughout the labelling period of 24 h. 

Analysts of viral specific DNA accumulation in human 
derived cells maculated with ALVAC-RG (vCP65). In 
orxjei; to assess the temporal nature of the block in viral 
replication in human derived cells, the following 
experiment was performed. Permissive CEF cells and 
the) six human derived cell lines were inoculated with 
AL^AC parental virus at an MOI of 5 pfu per cell in 
the! presence or absence of AraC, an inhibitor of DNA 
replication, and the level of virus specific DNA 
accumulated at 72 h was assessed as described In 
MajteriaU and Methods. Figure 3 illustrates analysis of 
CEFt WISH and DETROIT 532 cells, In the permissive 
cell line, CEF (Figure 3; Panel B), no viral-specific DNA 
is seen in lane Bl (uninfected CEF cells), lane B2 
(AllSAC-inTected CEF cells at t„) or lane B4 ALVAC 
infeacted CEF cells ai 72 h post-Infection in the presence 
of AraC). Viral specific DNA accumulation represented 
by la band at approximately 330 fcbp is evident in 
ALVikC infected CEF cells incubated for 72 h fn the 
absence of AraC (lane B3)- No such accumulation is 
seen [fin the equivalent sample of ALVAC infected 
DE^ROIT-532 Gane A3) or WISH (lane O) cells. 
Similar results were observed on analysis of ALVAC 
specific DNA accumulation in MRC-5, HEL, HNK and 
JT-l'i infected cells (results not shown). Based on the 
conditions employed in these studies, the sensitivity of 
detection was determined as S 125 genome equivalents. 
In further experiments, *H-thymidine incorporation into 
ALVAC-infected MRC-5 and CEF cells was monitored. 
These experiments indicated that while an increase in 
*H -thymidine incorporation occurred in CEF cells 
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In vitro and In vivo 

i|| 

following infection with ALVAC, in MRC-5 cells, J H- !ij 
thymidine incorporation did not rise above basal levels ;!; 
(results not shown). The results indicate that under these .! 
conditions, no delectable ALVAC-speciflc DNA 
accumulation occurred in the human cell substrates and \ 
suggest that replication of ALVAC in these human cells y 
is blocked prior to viral DNA synthesis. i; 

In vivo safety studies with ALVAC-RG (vCP65> :; 

Inoculation of laboratory animals. Previous experi- ,;j 
mcnts with CPV and FPV based recombinants in 
numerous species including mice, rabbits, rats, guinea 
pigs, cats, dogs j horses, cattle, and swine had / 
demonstrated no adverse reactions upon inoculation by :;j 
a variety or routes. It was important, however, to 
examine more stringently the safety profile of an ![. 
ALVAC-based recombinant in mammalian species. 

In a series of experiments described in Materials and 
Methods and Toble /, mice, guinea pigs and rabbits i 
were inoculated with ALVAC-RG by a variety of routes 



studies, of a catmrypox-rabies recombinant; J. Tayioret a!. 

anjd reactivity monitored. The results indicated that no 
reactivity was evident in any species following 
inoculation by the subcutaneous route. Similarly, there 
was jno evidence of neurovirulence apparent in mice or 
rabbits inoculated with approximately 6.0 log, 0 TCID so 
ofjALVAC-RG by the intracranial route. Ten rabbits 
inoculated in this manner showed no local or systemic 
adverse reactivities, exhibited normal weight gain and 
noj lesions were found in the brain. In mice, in which 
histopathology was performed, there was no indication 
of ^encephalopathy caused by ALVAC-RG (vCP65) in 
the sections observed. Only very high doses of ALVAC 
were, found to be lethal by i.e. inoculation in young 
adult or newborn mice further suggesting the lack of 
neurovirulence of the ALVAC virus 1 e . 

Arte- inoculation by the i.d. route, reactions were 
evijdijnt at the site of inoculation in mice, guinea pigs, 
and ) rabbits. In mice, the reactions consisted of small 
necroses, a few millimeters in diameter, at the site of 

1 day post- 




Figure 1 Imniunoprecipifctfon analysis or expression of the rabies glycoprotein irt avian and nan -avian cells Inoculated with ALVAC-RG 
(VCP65) Dishes of each cell Hfi9 were taocufated at an Input multlpUriiy of in jp.t.yycell with ALVAC or ALVAC-RG in the prince of 
methionine as described in Re*. 18. Lana$ *, d, 0, uninfected cells; lanes b. e and h. ALVAC Infected celte; fcanee c, f end r, ALVAC-HG (vCP65) 
infected cells. Unes a, b and c, CEF cells; fanes d, a and f t HNK cell* lanes g, h and i, HEL cells. Molecular weight markers are shown to > the 
left of lane a and indicate migration distances for standard proteins with molecular weights (from the lop> of 200, 97.4. 68 f 43, 20. 1 8.4 end 1 4.3 
kDa | ! 
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inoculation persisting approximately 7 days. In guinea 
pigs y there was a. more inflammatory reaction which 
consisted of erythema, then a small pustule followed by 
necrosis. In rabbits, an inflammatory reaction was also 
seen which progressed to a small pustule with necrotic 
patches, la both guinea pigs and rabbits the dermal 
lesions were resolved by 21 days post-inoculation. In a 
similar experiment, serial dilutions of ALVAC-RG 
(vCP65) and KANAPOX, the original vaccinal strain of 
canarypox from which ALVAC was derived, were 
inoculated by the i.d. route into rabbits and the 
reactogenicity assessed. Both ALVAC-RG (vCP65) and 
Kanapox induced some erythema and edema with slight 
necrosis at the inoculation she indicating the 
reactogenicity was similar with the parental strain and 
ALVAC-RG recombinant virus. The reactivity was dose 
related being most pronounced with the undiluted 
preparation which contained 6-2 log ul TCID 3l , per ml. It 
ahouJd be noted that viral preparations used in These 
experiments were not gradient purified and the presence 



of cellular components may have contributed to the 
reactogenicity seen following injection by the i.d. 
route. 

Inoculation of canary birds with ALVAC- RQ In order 
to confirm that the virulence of the parental strain had 
not been altered by deletion of the C5 GRF and 
insertion of a heterologous coding sequence (the rabies 
G gene), reactogenicity of Kanapox and ALVAC-RG 
(vCP65) was compared in canary birds. No deaths 
occurred in any of the birds and body weights varied 
within physiological limits throughout ihc experimental 
period. One bird in each group inoculated with 5.0 log 16 
p.f,u- of ALVAC-RG or Kanapox showed mild 
inflammation at the application site during the second 
week post-inoculation with redness and some swelling. 
All birds inoculated with 7.0 los, 0 p-f-U. of either virus 
developed a typical pox- tike lake on day 5 with 
inflammation, swelling, a small pock, and in one bird 
inoculated with ALVAC-RG (vCP65), a patch of 



A 

2 3 




* " ; '-*\'V '*iy* W,i>v -£>vv- j.'ft. 
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Floury 3 Analyses of virai-apegific DNA accumulation in evisn and human derived eel lines inoculated with ALVAC. Dshes I ee «h i cell I'ne 
were Inoculated and processed as described in Materials and Methods. Panel A, DETROIT 532 colls; Panel B, CEF cells, Panel C. WISH cere. 
In each panel, lane 1 represents uninoculatocf cells, lane 2 represent ALVAC-infected cells harvested at zero lime lane a represents ALVAO- 
infected cells harvested at 72 h and lane 4 represents ALVAC-infflCted tells incubated Jn the presence of 40 ftg ml' of AraC and harvested at 
72 h 
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Days 

Figure 4 Analysis of virus isolation from skin of canaries end mice 
Inoculated vyitti ALVAC*flG. Mice and canaries were inoculated wilh 
ALVAC-RQ by the i.d, route as described in MalerlaJsand Methods. 
Al time intervals After inoculation animals and birds were sacrificed 
and the sKin surrounding tha site of Inoculation was dissected, 
homogenized and assayed for tho presence of infectious vims by 
titration on QT35 ceffa 



necrosis. All lesions remained localized and were 
resolved by 21 days post-inoculation. 

A further experiment was performed to follow the 
fate of inoculated virus in canary birds and in mice. 
Mice were inoculated by the i.d. route in the ear pinna 
and canary birds by smearing virus onto an area of skin 
on the back of the bird from which, feathers had been 
plucked. The results of virus isolation from the area- of 
inoculation are shown in Figure 4. The results indicate 
that in canary birds* there was an initial eclipse phase of 

I days after which an Increase in infectious virus was 
observed for up to 7 days. Viral recovery then declined 
and after 14 days no virus was detected. In contrast, 
from day 0 the amount of virus recovered from mice 
progressively declined until reaching the limit of 
detection (20 p.f.u. per sample) on day 10 after 
inoculation. 

7/i vivo studies: inoculation of non-human primates 

Safely and imnivnagenicity in squirrel monkeys. Three 
groups of four squirrel monkeys (Suitniri sciweus) were 
inoculated as described in MATERIALS AND 
METHODS and Table 2, and monitored for 
reactpgenicity as well as immune response. Animals 
received cither ALVAC parental virus (animal Nos 22, 
51, 36\ and 52), ALVAC* KG (vCP65 animal) (Nos 37, 
53, 38, and 54) Cf a canarypox recombinant expressing 
an Env gene product derived from an endogenous FeLV 
provirus (animal Nos 39, 55, 40, and 56). The initial 
inoculation was performed by ocular, oral and i.d. 
routes. No reactions were seen following inoculation oF 
the three viruses except for minor skin lesions following 
i.d. inoculation of approximately 7.0 log, t , p.f.u. Both 
body weight and temperature of all animals remained 
within normal limits. Vims isolation from ocular fluid, 
saliva and the site of i.d. inoculation was attempted for 

I I days post-inoculation. Virus recovery was achievable 
from the inoculation site for 2 (6/6 animals) to 4 days 
(2/6 animals) following the i.d. administration of 7.0 
log,,, p.f.u. but not 5.0 log,,, p,f,U. Of all viruses. Virus 
was not recoverable from eye secretions or saliva at any 
limcpoint (results not shown). 



^Analysis of post-iaoculaiion sera by ELISA indicated 
that all animals inoculated with either ALVAC or an 
ALVAC-based recombinant developed a serological 
response to ALVAC (results not shown). All four 
animals inoculated with ALVAC-RG (vCP65) (animal 
Nos 37, 53, 38 f and 54) developed rabies virus 
neutralizing antibody {Table J), the level of which at 28 
days was well above that considered to be a satisfactory 
response to rabies vaccination. It should be noted that 

0. 5 International Units, or a titer of approximately 1:16 
is considered by the WHO to be the acceptable minimal 
response to rabies vaccination 37 . Six months after the 
primary inoculation, four monkeys which received 
ALVAC-RG (vCP65) (37, 53, 38, and 54), two monkeys 
which received ALVAC (22, 51), two monkeys which 
received an ALVAC recombinant expressing the FeLV 
env gene (39, 55), and one naive monkey (57) were 
inoculated with 6-5 log m p.f.u. of ALVAC-RG (vCP65) 
by L thc s.c. route to monitor the irninune response in the 
face of pre-existing ALVAC immunity. There were no 
adverse reactions to re-inoculation in any of the 
animals. At 28 weeks all previously inoculated animals 
showed some low level of canarypox ELISA antibody 
which was boosted 3-7 days after rcinoculation (results 
not shown). Assessment of levels of anti-rabies antibody 
in sera of these animals is shown in Table 3. The four 
animals with prior exposure to ALVAC (22 and 5 1 ) or 
ALVAC-FeLV (39 and 55) and the naive animal (57) 
mounted a primary response with rabies virus 
neutralizing antibody present 7-11 days post- 
inoculation. Significantly, the four monkeys with prior 
exposure to ALVAC-RG (vCP65) showed an 
anamnestic response by 7 days post-inoculation. 

Safety and urnnanogenicrty in Rhesus macaques 

Two macaques were initially inoculated with 
ALVAC-RG as described in Table 2 by the s.c. route. 
No. local or systemic adverse reactions to inoculation 
were noted. After 100 days, these animals were 
reinoculated by the s.c, route and an additional six 
animals were inoculated with a range of doses by the 

1. m. or s.c, routes. Sera of animals were monitored for 
the presence of ami-rabies neutralizing aniibody in the 
RFFlT-test^ and results are shown in Table 4. Animals 
177 -and 186 receiving ALVAC-RG (vCP65) by the s.c. 
route developed rabies virus neutralizing antibody 
detectable al 1 1 days post primary inoculation. Levels of 
antibody above the minimal acceptable leveP 7 were still 
present at 3 months when animals were re-inoculated 
and! bath animals responded wiih an increase in titer. 
Equivalent responses were obtained by either the s.c, or 
i.m.Jroutes with a dose of either 7.0 or 6.0 log m p.f.u. At 
a dose of 5.0 log,,, p.f,u. only one animal (180) 
responded by the s.c. route. 

Safety and immunogenicity studies in chimpanzees 

Two chimpanzees were inoculated by the i.m. (animal 
431j or s.c. (animal 457) routes with 7.0 log,„ p.f.u, of 
ALVAC-RG (vCP65). At 1 2 weeks, both animals were 
re-inoculated in an identical manner. No local or 
systemic adverse reactions to inoculation were noted in 
either animal. Serological results are shown in Table S. 
Both chimpanzees responded with the induction of 
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TbbJo 3 Response of squirrel monkeys with prior exposure to ALVAC or ALVAC-baaed recombinants to inoculation with ALVAC-RG 



AFFIX titer at day post-inoculation" 



Animal numBer 


First inoc 


0 


7 j 


28 


ieo* 


187 


201 


22 


ALVAC 




■! 




<16 


<16 


200 


51 


AUVAC 








*16 


50 


158 


39 


ALVAC- 
FL 








<16 


50 


15S 


55 


ALVAC- 
FL 








<16 


50 


126 


37 fl 


ALVAC- 
RG 


<16 


* T6 


1000 






3160 


53" 


ALVAC- 
RG 




16 


TS8 


*ie 


3980 


3980 


38* 


ALVAC- 
RG 


<ie 


316 


1000 




1580 


3560 


54 e 


ALVAC- 

Re 


<16 


250 ; 

! 


15S0 


<;50 


3980 


1QO00 


57 


None 




~" i 




-el6 


50 


500 



*S&ra lasted in an RFFI Tost (Aef, 24). Tiler expressed as eeiprocai of the hi_ 
"Animals 37 and 53 were inoculated with 5-0 log. 0 p.f.u. as described in Table 
^Animate 38 and 54 were Inoculated with 7.0 fog l( , p.iu. as described in Tablo 
"At day 180. all animals were Inoculated wtth 6.5 rog 1D p.f.u. of ALVAC-RG by 



highest di tuition showing complete Inhibition ot fluorescence. 
2 
2 

ths subcutaneous routa 



rabies virus neutralizing antibody at 2-4 weeks post- 
inoculation and antibody titers were significantly 
boosted after the second inoculation at 12 weeks. 



DISCUSSION 

The studies described in this communication were 
conceived to evaluate, in some detail, ihc biological and 
immunological properties of ALVAC and derivative 
recombinants in non-avian species. The results provide a 
safety profile for the ALVAC vaccine vector and 



illuslraie the utility of ALVAC as a general 
immunization vehicle in non-avian species. 

failure 10 demonstrate replication of ALVAC or 
AL\ AObased recombinants has been demonstrated on 
tissue culture ceils of murine and feline origin 
(unpublished data). Further, no evidence for viral 
pation has been obtained following inoculation of 
AC on a variety of human or monkey-derived 
- culture systems 8 and the inability to adapt the 
to growth on human or monkey-derived cell lines 
been confirmed by serial blind passage of both 
"and ALVAC-RG (vCP6Sf 5 . 



repli 
AL\ 
tissus 
virus 
has | 
ALMAC 



Table 4 Serological response foil a win 9 inoculation of Rhesus macaques with ALVAC-RG 



RFFT titer at days post-inoculation 



Animal No. /dose 



Route 172* 



11 



AS* 



101 



IOS 



114 



129 



177/7.7 
1B6/7.7 
178/7.0 
182/7.0 
178/6-0 
153/6-0 
1 B0/5,0 
184/5-0 



S.C./S.C. 
S.C. 

J.m-* 

s.c. 

Lm. 

s.c. 

Lm. 



16 ff 
128 



512 



64 
256 



32 
258 



512 
512 



512 
512 
64 
32 
64 
125 
32 



256 
256 
64 
64 
32 
129 
32 



'Day of re-(noculalicin 
"Subcutaneous route 
Intramuscular routa 

"Tilers expressed as reciprocal gf lasl dilution showing inhibition of fluorescence in RFFI tost*" 



Table 5 Serological response of chimpanzees to inoculation with ALVAC-RG 1 



RFFtT titer at* 



veeks post-inoculation 



Animal No. /routs 


0 


1 


2 


4 




12" 


13 


15 


20 


26 


431/i.rn. 






6 


16 


16 


18 




256 


64 


32 


457/s.c. 


<a 


<e 


32 


32 


32 .; 


8 


126 


512 


126 


126 



Animals were inoculated with 7.0 log, w pJ.u. of ALVAC-RG by the indicated 
Tlrnfl of relnoculatigrt 
Titer expressed as reciprocal of last dilution showing Inhibition of fluorescence 



le and re-Inoculated in the same manner 12 weeks later 
an an RFFI test" 
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On human-derived cell cultures, no accumulation of 
ALVAC-specific viral DNA was demonstrated 
suggesting that the block to viral replication in these cell 
substrates occurs early in the replication cycle prior to 
viral DNA replication. Similar analyses performed with 
ALVAC-infected VERO cells have demonstrated low, 
but detectable, levels of accumulated ALVAC-specific 
DNA (data not shown), Somogyi et al 2 * have recently 
shown that in MRC-5 cells infected with fowlpox virus, 
both viral DNA replication and some late viral protein 
synthesis can be detected, albeit at reduced levels. The 
block in avipox productive replication in mammalian 
cells may vary, not only for different cell types, but also 
for the different avipox viruses. While the details of the 
molecular events responsible for the block to viral 
replication in non-avian species remain to be elucidated, 
it is significant that the expression of at least some 
avipox virus genes, and of appropriately regulated 
extrinsic immunogens l occurs in all non-avian tissue 
cultures tested. Additionally, when the time course of 
expression of the rabies G gene was monitored in these 
cells, it was evident that expression could be delected 
continuously from 1 to 25 h post-infection when the 
experiment was terminated {Figure 2). 

Previous in vivo studies in a variety of species 
including mice, cats, and dogs 3 ^ had shown no 
reactogenicity following inoculation of a CPV 
recombinant. A number of laboratory animals were 
inoculated with ALVAC or ALVAC-RG (vCP65) to 
extend these results. Safety studies performed in 
laboratory animals via the s.c. and i*m. routes indicated 
no reactogenicity. Similarly, inoculation of mice and 
rabbits by the i.e. route showed no evidence or 
n euro virulence. This is also supported by data of LD W 
values by i.e. inoculation of young or newborn mice 18 . 
Further, no adverse reactions have been observed upon 
inoculation of unmunadencienl mice 1 *. 

Inoculation of rabbits with high doses of CPV by the 
i.d. route resulted in the formation of poxvirus-Iike 
lesions. In related experiments not reported here, lesions 
were induced on rabbits by i.d- inoculation of S.O log Jn 
p.f.u_ of ALVAC When the dose was reduced to 7.0 
and 6.0 log m p.f.u.. minimal reactogenicity was 
apparent. Similarly, skin lesions were evident at the site 
of i.d. inoculation of ALVAC and derived recombinants 
in squirrel monkeys but only sporadic virus recovery 
was possible through 4 days post inoculation. The 
formation of a lesion at the site of i.d. inoculation may 
be a cytotoxic phenomenon due to expression of early 
viral functions or may be linked to the presence of 
cellular components in the inoculum. Reactogenicity by 
the i.d. route was not related to altered pathogenicity 
following insertion of a foreign gene since an equivalent 
effect was seen with the parental canarypox vaccine 
strain, Kanapox. 

Three non-human primate species were inoculated 
with ALVAC- KG (vCP65) to monitor safety and 
immunogenicity. No adverse signs of infection or 
disease were seen in the squirrel monkeys, macaques, or 
chimpanzees following inoculation by a variety of 
routes. All three species responded with significant levels 
of rabies virus neutralizing antibody which were 
boosted after a second inoculation. Significantly* 
squirrel monkeys with a history of prior exposure to 
CPV or CPV recombinants did not show a diminution 
of response when inoculated with ALVAC-RG 



(vCPo5). These monkeys have since been inoculated 
with a third ALVAC recombinant expressing the 
measles virus fusion and hemagglutinin glycoproteins 
and have responded with protective levels of measles 
virus HI antibody comparable to that induced in naive 
animals (unpublished data). These results indicate that 
prior exposure to ALVAC recombinants should not 
preclude subsequent vaccinations with a novel ALVAC 
recombinant. In addition, it should be noted that four 
of the monkeys (22, 37, 38 and 39) had also received 
vaccinia virus three months before inoculation with 
ALVAC or ALVAC-based recombinants. The fact that 
the rabies-specific immune response was not diminished 
in these animals may indicate that in humans, prior 
immunity to vaccinia virus may not limit use of an 
ALVAC-based recombinant vaccine. The concept of 
using a non-replicating vector system in humans has 
been demonstrated in Phase I clinical trials with the 
ALVAC-RG (vCP65) recombinant virus. Volunteers 
inoculated with ALVAC-RG (vCP65) demonstrated 
significant immune responses to the extrinsic 
immunogen in the absence of unacceptable local or 
systemic reactions to vaccina tion 1 °' '\ 

Practical issues of utilizing ALVAC-based 
recombinants for specific veterinary applications have 
been addressed in the target species. In a duration of 
immunity study, dogs inoculated with a single dose (6.7 
log,,, TCIDsr,) of ALVAC-RG (vCP65) were protected 
against a lethal challenge with rabies virus at 36 months 
post-inoculation (manuscript in preparation)- Other 
unpublished studies nave provided evidence that these 
vector systems may be useful in the presence of 
maternally derived antibodies (manuscript in 
preparation). The safety and immunogenidty profile of 
ALVAC-based recombinants suggests a strong potential 
for ALVAC as a generic immunization vehicle in other 
veterinary as well as human applications. 
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m^^acterial Vaccine Vectors 

A. L. M. Hodgson 
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Abs tract 

Bacterial vaccine vectors can* in theory, be developed frc-m *ny bacterial pathogen by rendering them avirulent using methods 
of classical or rational attenuation. Mycobacterium bovis BCG is an example of a vector system that was derived using the 
former approach whereas both aroA Salmonella and Toxminus Coryttebazterium pseudotuberculosis were generated using site- 
specific mutagenesis. Introduction of defined mutations has the advantage over random mutagenesis because the possibility of 
reversion to virulence can be excluded. Vector technology has the potential to provide an oral, single dose, multivalent vaccina- 
tion regime. For this benefit to be realised, in addition to achieving high levels of regulated foreign gene expression from stable 
loci, the commercial issues of product reactogenicity, transmission porential and case of manufacture and storage muse be 
addressed. With reports of protection from single dose administration of live recombinant vaccines increasing, the prospects for 
successful development of this technology should be regarded as high. 



In fro duct ion 



Vaccine vectors are attenuated pathogens expressing 
foreign antigens that when vaccinated into an animal 
host can elicit protective immune responses, VectOcS ate 
generally derived from either pathogenic bacteria or 
viruses and protective antigens arc cloned from a variety 
of pathogens including bacteria, viruses and parasites. In 
principle, viral and bacterial vectors are favoured for 
delivery of viral and bacterial antigens, respectively, but 
no particular preference is made where parasite antigens 
are concerned. Regardless of the preferred combination, 
the efficacy of each vector vaccine will require a complex 
of host immune responses which will in part, depend 
upon the nature of the vector, route of administration 
and the quantity, quality and timing of the antigen 
presentation. Although Such general principles of 



immunology and molecular biology can be used as a 
guide for making vector vaccines, optimisation probably 
will require empirical approaches. 

Several advantages have been proposed for live vector 
compared with killed vaccines {Table 1). The success of 
vector vaccines may well depend upon the beneficial 
impact these attributes have upon the final product. I 
review the progress made towards fulfilling these and 
other criteria important to the development of a commer- 
cial bacterial vector vaccine. The analysis will focus 
primarily upon the well-known Mycobacterium bovis 
BCG and aroA Salmonella vectors in addition to the 
more recently developed Toxminus Cory ne bacterium 
pseudotuberculosis system. 
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Table 1. Advantages of bacteria! vaccine vectors 



Unlimited cloning capacity 
Single dose vaccination 
No adjuvants 

Response modifiers can be delivered simultaneously 

Multivalency 

Ease of administration 

Ultimate safety; antibiotic treatment possible 

Low cose of producdon 



Classical versus Rational 
Attenuation 

Attenuation of bacterial pathogens has often be 
accomplished using conventional methods such as 
passage in non-host animals or through progressive m 
vitro culture (Buck 1930; Lawson et al. 1966; Kadel et al 
1985; Xie 1986; Chengappa et al 1988). Perhaps the 
classic example of the latter is the production of the 
attenuated form of Mycobacterium bovisi Mycobac- 
terium bovis BCG. From 1908 to 1921 the French 
scientists Calmetre and Guerin made 231, three-week 
subcultures on 5% glycerinatcd becf-bile potato media of 
a virulent isolate of Mycobacterium bovis. The organism 
became pr ogress iv el y attenuated as demonstrated in 
successive experiments On different animals and no 
reversion to virulence was detected during the course of 
intensive investigations conducted between the mid 
1920s and 1930 (reviewed by Collins and Grange 1983; 
and Lugosi 1992). The effectiveness of in vitro passage as 
a means of attenuation was further demonstrated by the 
emergence of BCG substrains displaying reduced levels of 
the original residual virulence that developed as a 
consequence of subcul curing BCG in different laborato- 
ries [Sher et al 1973; Lugosi 1992). BCG has now been 
given to nearly 3000 million people and has a case 
fatality rate of about two per 10 million (Crvfc 1 992). 
Contrasted to classical attenuation is the more recent 
concept of rational attenuation. The difference between 
the approaches is that in the classical process a reduction 
in virulence is measured, then the genetic basis for the 
attenuation determined (if possible) and in rational 
attenuation a mutation is targeted to a specific gene and 
the outcome assessed. The mutations responsible for 
attenuating Mycobacterium bovis BCG are not known; 
however, complementation studies using cosmid libraries 
hi a bid to restore virulence are currently being conducted 
to help idencify the inactivated genes. Live vaccines or 
vectors produced by introducing non-rcvcrtiblcj, defined 
attenuating mutations must be regarded as safer than 
chose derived by random mutagenesis unril a substantial 
safety record (as with BCG) can be established. 
Two of the most popular forms of rational attenuation 
involve making autotrophic mutants which produce 
pathogens crippled in their capacity to replicate in vivo 
or which strike directly at one or more major virulence 
factors. Kacional attenuation of Salmonella species has 
generally been accomplished using the former method* 
thus producing a scries of possible bacterial vectors 
{reviewed by CurtUs 1990; Gardens k nnd Clements 



Table 2. Host -protective toxoid vaccines 

Bdclrriunt Toxin D/Md£C/HQtt Reference 

Corynebactcrium Phospho Cheesy gland/ Burrtll (19fl3) 

pseudotuberculosis lipase D Sheep 

Pasteur tlla Leukocostm Shipping fever/ Porcer et at. [1991) 

bacmo lyt tea Cattle 

ActinobaciUus Cycolysin Plruro- Dcvenish et aU [1990] 

pltsijQpncimiQnfac pneumonia/Pics 

Fasteurella Dermonecrwic Atrophic Nielsen er al. (l9£l ) 
muh0dda Type D rhinitifi/Piss 

Bordetelh Dtrmoneceaiic Aerophic Nagano al. [198&] 
brattchisepiidd rhinitis/Pigs 



1992; Hodgson and Radford 1993) the Archetype of 
which is aroA Salmonella typhimurium (Hoiseth and 
S cocker 1983 )- The aroA mutation blocks the capacity of 
the Salmonella to synthesisc 2,3 dihydroxy benzoic acid 
thus enterochelin and parfl-aminobenzojc acid (PABA), 
therefore folate (Cardenas and Clements 3 992)- Since 
neither of these precursor compounds arc present in 
mammalian tissues, bacterial replication in vivo is 
restricted upon exhaustion of endogenous supplies 
(Clements 1987; Pittard 1987). The inability to synthe- 
sis* PABA is probably the most important attenuating 
characteristic, as a mutation solely destroying this 
capacity is equally effective as aroA in attenuating 
Salmonella (Scocker 1990). Stocker (1990) speculated 
that ultimately, the blocking of PABA (thus folic acid 
synthesis) restricts persistence in vivo by preventing 
production of fMet-tRNA mCT f , a molecule required by 
the bacteria to initiate new protein chains and again, not 
available within the host animal. 

The confidence in the effect of the **roA mutation on 
bacterial pathogenesis is perhaps reflected by the extent 
to which this mutation has been applied to other species 
of bacterial pathogens, for example Aeromortas salmoni- 
cida (Vaughan e t al. 1990), Yersinia enterocolotica 
(O'Gaora et al. 1990), Bordetelh pertussis (Roberts et ah 
1990) and Shigella (Verma and Lindberg 1991). As 
predicted, all were attenuated. The aroA genes of 
Mycobacterium tuberculosis have been cloned (Garbe et 
aL 1990) consequently raising the possibility of deriving 
a defined attenuated mutant. However, this will be 
contingent upon developing a means of achieving site- 
Specific mutagenesis within Mycobacterium tuberculosis. 
Another rational method of attenuating bacrerial 
pathogens is to delete major virulence factors. Toxin 
genes are particularly good candidates. Strong evidence 
to suggest that a toxin-negative derivative of a particular 
pathogen will be attenuated is provided when it can be 
demonstrated that toxin neutralising antibody responses 
are protective. Several toxoid vaccines have been shown 
to protect animals from homologous hac renal challenge 
(Tabic 2), thus these pathogens are good poKsi bill ties for 
vaccine vector development. We have proved the princi- 
ple for one of these pathogens by demonstrating that sitc- 
specific deletion of the Cvrynebadcrium pseudo- 
tuberculosis phospholipasc D (PLD) gene (Hodgson el al 
1990) removes the capacity of the hacrerium io produce 
caseous lymphadenitis {cheesy gland) in sheep (Hodgson 
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Table J. Important attributes of bacterial vector vaccines 
-Safety 

Ckwctic stabiliry 

Protection from a $inglo dose 

Effective vaccination achievable using mucosal or 

parenteral administ radon 
Low rcaccogcn icity 
No Spread to secondary hoses 

No adverse effects if rhe hast has had prior exposure ro 

the vecror 
Absence of antibiotic resistance genes 
Multivalent 
Easy to produce and store 



et al. 1992). One of the additional benefits of producing 
vaccine vectors by deleting a toxin gene is the opportunity 
to reintroduce into the bacterium a genetically roxoided 
analogue. Since the toxuis/toxoids are, by definition! 
extremely valuable protective antigens, this approach has 
the potential to generate exceptionally effective live 
vaccines which, importantly, will lack the capability of 
undergoing a recombination event that may restore 
virulence. We are currently investigating the utility of the 
attenuated Coryne bacterium pseudotuberculosis strain 
(Toxminus) &£ a vaccine vector and our progress will be 
summarised in the next section of this review. 



Development of Bacterial 
Vaccine Vectors 

One way to assess the progress of the vaccine vector 
technology is to examine the level of achievement of 
various criteria recognised as essential for successful 
vaccine development. Perceived advantages of bacterial 
vector vaccines have been summarised (Table I) and the 
attributes considered important for developing a 
commercial vaccine are listed in Table 3. This list has 
been compiled using information from the scientific 
literature, industry 3 the commercial sector and various 
regulatory authorites but is not necessarily exhaustive. 
To reflect the current status of bacterial vector technol- 
ogy we have examined the most advanced vectors, 
Mycobacterium bovis BCG and aroA Salmonella, with 
respect to these criteria. Coryrtebacterium pseudotuber- 
culosis Toxminus has been included because it is a novel 
vector produced in our laboratories and represents a 
system that is in a relatively early phase of evaluation. 
The following provides the detail behind the summary 
presented in Table 4. 

Safety 

The safety criterion has been subdivided into an assessment 
of whether the vector has the capacity to cause clinical 
disease in the general population or only within immuno- 
compromised hosts (Table 4). This aspect is likely to reflect 
the degree of attenuation, potential for reversion or both. 
While BCG has a substantial safety record (see earlier) it 
nevertheless can produce serious complications including 
disseminated infection (Lone et al. 1984). This vector is, 



T able 4. Achievement of important attributes of 
vector vaccines 



Attribute 



BCC 



aroA Terminus C. 
Salmonella pseudo- 
tuberculosis 



Safety 

Clinicnl disease N N N 

Generic reversion N N N 

Immunocompromised hosts- N Y NT 

Genetic stability 

Pliuimid stability Y Y Y 

Chromosomal integration Y Y Y 

AB K genes necessary N N N 



High level 
Regulation 



Gerti? expression 
Y (10-20%) Y {10-20%) Y (1-2%) 
Y Y Y 



Single dosd vaccination 
Immunological responses Y (Table 5) Y (Tabic 5} Y(Tablc5) 
Protection Y Y Y 



In jeered 
Oral 



Injected 
Oral 



Reactmogenicity 

y 

N 

s 

Shedding 
U 
P 



Y 

N 

U 

Y 



U 
Y 



Adverse effect of prior exposure 
F F 

Multivalent vaccination 
F F 

Production and storage 
E E 



N; no; Y: yesj NT; not rested; U: unlikely; Pz pQixibk; F; further work 
required} Es easy ca grow and produce a freeze dried product that will 
not require cold storage.. 



therefore, unlikely to be fir for use in inimunocornprorniscd 
hosts. In contrast, aroA Salmonella vector* arc avirulenc 
even in burned (Catsiotis et al. 1989) or irradiated mice 
(Izhar et al. 1990). Corynebactersum pseudotuberculosis 
Toxminus is incapable of producing caseous lymphadenitis 
in sheep (Hodgson et aL 1992) but its effect in immunode- 
rident animals has nor been examined. 

The reversion frequency of an attenuating mutation 
introduced by she-specific deletion of an cntite gene (e.g. 
aroA or pld) can be regarded as nil. However, as an 
added precaution, Salmonella vectors, especially for 
human use, can be made that contain double aro 
mutations (Dougan st aL 1988; Jones et aL 1991; Hone 
et aL 1991; Tackct et aL 1992). A major benefit of 
knowing the exact nature of the attenuating mutations 
within aro A Salmonella and Toxminus Corynebacterium 
pseudotuberculosis compared with the uncharacterised, 
random mutations of BCG is that some esrimatc of 
possibiliry of a genetic reversion event can be made. 
Establishing a safety record (potential for reversion) 
through decades of vaccination trials is not a practical 
approach for developing new vector vaccines. One 
possibilty for BCG (or Mycobacterium tuberculosis Or 
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Mycobacterium botis) would be to product? aroA deriva- 
tives* However, although the aro mutation produces 
extremely safe attenuated pathogens firstly, their 
introduction is accomplished by site-specific recombina- 
rion and this is not yet possible in Mycobacterium 
tuberculosis or Mycobacterium bovis (Kaipana st al 

1991) and secondly* it is important that any mutation 
that robs a pathogen of its virulence does not reduce its 
capacity to function as a vaccine vector- Part of the 
reason why aro mutants are so safe is because they are 
extremely attenuated. The possible consequence of this 
with respect to rhe potential for achieving single dose 
vector-vaccination will be discussed below. 

Genetic Stability 

Reversion frequencies of mutations obviously reflects 
genetic Stability; however, here this will relate to the 
stability of foreign genes and their expression within host 
vectors. The main ways in which antigen genes are 
expressed is either from plasmid vectors or from chromo- 
somal loci. Plasmid gene expression provides the 
potential for high protein yields by virtue of elevated 
gene copy number bun has the disadvantage that 
plasmids are often unstable particularly when expressing 
foreign genes. Genes can be expressed stably from 
chromosomal loci but the advantage of gene dosage is 
lost. It is the capacity of a vaccine vector system to take 
advantage of these expression options that car be used as 
another measure of the development of vector technol- 
ogy (Table 4). At present, regulatory authorities such as 
the United States Food and Drug Administration (FDA) 
and the Department of Agriculture (USD A) are unlikely 
to allow registration of vector vaccines containing antibi- 
otic resistance genes (Gay 1993; MarcuS-Sckura 1993). 
Thus, it will be important to achieve requisite levels of 
gene expression without using drug selection. 
The current plasmid of choice for use in BCG is 
pALSOOO (Rauzicr et al. 1988) and its derivatives (RancS 
etal 1990; Lazraq et al 1991; Hinshelwood and Stoker 

1992) , Although this plasmid vector appears to be 
unstable in fast-growing mycobacteria in the absence of 
selective pressure (Snapper et al. 1990; Lazraq et al. 
1991) ic is very difficult ro cure from BCG (T- J- Doran 
and A. L. M. Hodgson 4 unpublished 1992), The effect of 
foreign gene expression upon the stability of the 
pAL5000 replicon in BCG requires further analysis and 
will have to be evaluated casc-by-case. Plasmid vecrors 
are often unstable in Salmonella^ particularly in aroA 
backgrounds (Curtiss et al 1989; O' Callaghan et al 
1990; Salas-Vidai et al 1 990; Tite et al 1 990; Yang # al 
1990}. One approach to this problem is to include on the 
plasmid a gene rhar complements a IcthaJ mutation 
within the bacterial chromosome (Galan et al. 1990; 
Porter et al. 1 990). Provided that the transformed 
bacteria cannot derive the product of the mutated gene 
from exogenous sources, cell survival becomes 
conditional upon the presence of the plasmid. This is an 
example of a system thai does not depend on drug genes. 
This, however, is nor plasmid stability per se, rather it is 
a means of ensuring that all of the surviving cells wichin a 



population carry the desired plasmid. The important 
distinction is that with conditional lethality, if the 
pressure to lose a plasmid is strong enough, al) of the 
bacteria die. The impact of this situation upon the 
efficacy of a live, vector vaccine is obvious- 
Since the conditional lethal system depends upon the 
complementation of isogenic (or least defined) mutants it 
cannot yet be used in BCG since, as mentioned before, 
site specific mutagenesis is not yet possible in this host. 
However, if recombinant pAL5000-based plasmids arc 
found stable enough for practical purposes, the use of the 
mycobacteriophage L5 gene 71 as a selectable marker 
(Hatful! and Sarkis 1993; Donneily-Wu et al 1993) will 
remove the requirement for antibiotic resistance genes. 
This new sysrem is most elegant and potentially a highly 
significant recent development in bacterial vaccine vector 
technology. 

Foreign gene expression in Toxminus Corynebacterium 
pseudotuberculosis can be accomplished using plasmid 
pEP2 (Radford and Hodgson 1991). This vector appears 
quite stable in Toximinus since 95% of transformants 
retained pEP2 following 50 generations in non-selective 
media (A. L. M. Hodgson, J. Krywult and M. Tachcdjian 
unpublished 1993)- However, transformants can be 
selected only using antibiotics. 

Chromosomal integration of foreign antigens has been 
achieved in BCG using a vector based upon the mycobac- 
teriophage L5 (Stover et al 1991) and through a process 
of illegitimate recombination (Kaipana et al J 991) and in 
Salmonella site-specifically following electroporation of 
recombination cassettes (Flynn ef al 1990; Strugnell et al 
1990; Cardenas and Clements 1993). All these processes, 
however, concomitantly introduce antibiotic resistance 
genes that are required for selection- Jn Toxminus 
Corynebaeterium pseudotuberculosis we have devised a 
procedure (Figure 1) that enables antigen genes to be 
moved to the bacterial chromosome with a double cross- 
over frequency of about 0.6% without antibiotic selection 
(A, L, M. Hodgson, J. Krywult and M. Tachcdjian, 
unpublished 1993). This represents a major advantage for 
the Toxminus system. We are currently evaluating the 
levels of foreign gene expression. 

Gene Expression 

We assume that the quantity of vaccine antigen produced 
witliin the host vector will be positively correlated with 
the magnitude of the resulting immunological response. 
Therefore, a successful vector system should be capable 
of high levels of foreign gene expression. With this 
dogma in mind several strategies have been adopted to 
ensure that the maximum quantity of antigen reaches the 
host immune system. One of the ways used to achieve 
this has been ro express genes from powerful, regulated 
promoters. Heat shock promoters such as hspGO* hsp7Q 
and groESfgraEl. have been selected for use in BCG 
because of their potential to be switched on (induced) 
under the stress conditions of the intracellular environ- 
ment tjf the macrophage (Aldovini and Young 1991; 
Stover ct al 1 991; Winter ct al 1991 ). Using this rype of 
expression system the C-fragmcnt from the Clostridium 
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Wild-type C.pseudowberculosis 




select kan*" 
and hyg f 



subculture 5x in presence of hyg only 




Figure 1 . Wild-type Corvnebacterium pseudotuberculosis 
was transformed with pEP2 carrying a recombination cas- 
sette then with plasmid pEP3 (Radford and Hodgson 
199 1). Transformants carrying both ptastttids were resistant 
to kdndmycm (pEPZ) and hygramycht (pEP3). Lots of the 
pEP2 construct, thus homologous recombination with the 
chromosome, was promoted by repetitive subculture in 
media containing only hygromycitu The recombination cas- 
sette was targeted to the chromosomal PLD gene by flank- 
ing the foreign gene with PLD sequence*. A double homol- 
ogous cross -over event is therefore detected by choosing 
non-zoning colonies arising on sheep blood plates. 
PLD, Phospholipase D gene on the bacterial chromosome; 
KAN, hanamydn resistance gene; P, PLD gene sequences; 
E, foreign antigen gene; HYG, bygrOmycin resistance gene. 



tetani coxin and the acquired immune deficiency 
syndrome {AIDS) virus HIV Ncf protein have been 
expressed in BCG co about 0.4% (Stover et al. 1991) and 
1%, respectively (Winter et al. 1991). While these levels 
do not seem very high, both constructs stimulated 
immunological responses in mice chat were specific for 
the foreign protein. The best expression reported for BCG 
has been for an outer surface protein (OspA) from 



Sorrelia burgdorferi and che pneumocixxus surface protein 
(PspA) that have been expressed from a pAL plasmid co 
between 10 and 20% of com I BCG protein using the bspGO 
promoter (Ujngermunn et al. 1 993; Srover 1 993). 
Salmonella vector development has beneficed from 
advances in Escherichia coli molecular genetics, 
consequently mechanisms of gene regulation are more 
numerous for this species than for either BCG or 
Toxminus. The use of the anaerobically regulated mrB 
promoter has enabled itt vivo induction of the reran us C 
fragment gene and also resulted in increased plasmid 
stability (Chacfield et al. 1992). Chatfield (1993) also 
used the nirB promoter ro express the (P-69) antigen 
from Bordetella pertussis ro huge levels (10-20%) in 
Salmonella. Other examples of regulated gene expression 
in Salmonella include the use of Lac- based promoters 
and rhe /dcf/opcrator/IPTG (isopropylchiogalactosidase) 
inducer System. Alrhough this form of expression may 
not be useful to control gene expression within the host 
animal, it is a very powerful research tool having been 
used to enable foreign proteins ro accumulate to around 
1.0% of total Salmonella protein (Schodei and Will 
1990; Fairwearher et al. 1990; Schorr et al. 1991). We 
have modified rhe lac promoter-operator system for use 
in Toxminus by modifying the gene encoding che lad 
repressor protein (Par. pending; application number 
PL8528/93). Lac-based promoters function constitutively 
in Toxminus, often producing a lethal combination widi 
foreign genes (A. L. M. Hodgson, unpublished 1992). 
We hypothesised chat lacl was not expressed well enough 
in Toxminus to repress gene expression so replaced the 
lad promoter, ribosome binding sire and ATG with those 
from che Mycobacterium leprae 18 kDa gene (Booth et al. 
1988) which is known co express well in Toxminus 
(A. L. M. Hodgson et al w unpublished 1992). In the 
absense of the chemical inducer UTG and presence of the 
new lacP ^ gene, foreign gene expression directed by che 
Escherichia coli promoter P/rc was undetectable thus 
indicating very tight repression (A. L, M. Hodgson et al. 
unpublished 1993). Using this gene regulation system we 
have expressed an antigen from the protozoan parasite 
Babesia boviszo about 1-2% of total Toxminus protein 
(A. L. M. Hodgson and K. Lund, unpublished 1993). 
The question of how much antigen needs co be expressed 
within the bacterial host cell must ultimately be judged 
by whether protective immunological responses can be 
elicited by vaccination, preferably using a single dose 
(Tables 3 and 4). Adding to the complexity of this issue is 
that since each protein will have a different sec of genetic 
and immunological characteristics, a single rule for 
achieving 'useful 1 levels of gene expression is not 
possible; rather, gene expression must be approached 
case- by-case. To begin, the native gene is expressed in the 
vector, preferably under the control of a regulacablc 
promoter co establish the natural threshold of expres- 
sion, This threshold will be governed by what is loosely 
referred to as the 'toxicity 1 of the foreign protein to the 
host cell. Hecerologous gene expression can have 
detrimental effects on the host bacrerium for several 
reasons. For example, rare codons within rhe gene may 
exhausc limiced supplies of specific cRNAs which 
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Table S* Example of responses to bacterial vector vaccines expressing recombinant antigens 
Responses are recorded in mice unless otherwise indicated; the three bacterial vectors are aroA Salmonella typhimurittm t 
Mycobacterium bouts BCG and Toxittinus Corynebacterium pseudotuberculosis 



(Jhoc* route) H A 
Nc doses. 



C A P*-* Reference 



Rotavirus VP7 
[W)2 

Galactosidase 



aroA Salmonella lyphimurinm 

_ NT NT Salas-Vid3lfff<2/. (1990) 



(I/V)l + + 


NA 


Brown et al. (1987) 


Escherichia coll K88 
(I/V)l + NT 
(Qral)l + NT 




Dougan etal (19&6) 


Leishmania gp63 
(Oral)2 U> + 


+ 


Yangrta/. (1990) 


Influenza nucleoprotein 
(I/V)l + LD 

(yen + + 

(Oral)l ■+ + 


NT 
NT 


Tire etal. (1990) 


Dengue 4 EfiV. 

(Oral) LD — 




Cohen etal (1990) 


Tetanus toxin C fragment 
(Oral)2 * NT 




Fairweaihcr et al. (1990) 


(W>2 +' 5 + 


+ 




Hepatitis B, Po/io VPT 
(I/V)2 + NTT 


NT 


O'Callnghan etal. (1390) 


Hepatitis JS* 

lOral)4 f + NT 
(I/M)5 + NT 


NT 
NT 


Srocker (1990) 


Cholera toxin subunti* 
(Orat)3 — NT 
<I/M)3 C + NT 


NT 
NT 




Streptococcus pyogenes M protein 2 
(OraI)3 — NT NT 
(I/MJ3 + NT NT 




(I/M)3 W + NT 
(Oral)5 — NT 


NT 
NT 




Escherichia coli enterotoxin 
(Ofal)2 + NT 


NT 


Clemen cs et al. (1986) 


Pertussis toxin SI subunit 
(OraI)3 + NT 


NT 


Walker etal 0991) 



Table S — continued next column 



(Inoc route) 
No. doses 








Reference 


Pertussis P. 69 










<Oral)2 




+ 


+ 


SnagntiiletaL {1992} 


(I/V)2 




+ 


+ 






Mycobacterium bovis BCG 


Galactosidase 










(I/V)l 


+ 


+ 


NA 


Stover er- at. 0991) 


(W»l 


+ 


+ 


NA 




(1/P>1 


+ 


+ 


NA 




Tetanus toxin C fragment 






(wn 


+ 




NT 










NT 




(I/PJ1 


+ 




NT 














All routes 






NT 














(]/V)ia:2* 


+ 


+■ 


NT 


Aldovini & Young (1991) 


£nr 










(I/D)l 




NT 


NT 




(T/V)l 


+ 


NT 


NT 




(W5)1 




NT 


NT 




WfV-1 Ncf 










(S/CJ1 


NT 




NT 


MCinreT<:iflUl992) 


Galactosidase 










(S/C)l 




+ 


NT 


Murray er al. (1992) 


(I/V)4 


+ 


NT 


NT 




<WpA Borrtlia 


burgdorferi 






(I/N) 


+ 


+ 


+ 


Langcrrnann etal. (1993) 


Toxminus Coryncbacterium pseudotuberculosis 


Taenia ovi? 








IS/Q1' 




NT 


NT 


Hodgson et al. (unpub.)- 



Dichelobacter nodosus Protease fragment 
(S/Q) f + NT NT 

Anapksma marginale (aidigen) 
(S/CJ1' + NT NT 

Mycobacterium leprae 1 SkDa 
(SfQl* + NT NT 

Corynebacterium pseudotuberculosis PhosphoUpase D toxoid 
(Oral)l + NT + 

(S/C)l ; + NT NT 



NT, not tested; NA 7 not applicable S/C, subcutaneous; J/M. iniramusculart I/V. ittiravcnvusi MP, intraperitoneal; J/N. intranasal-. 1/D ktttadvrmat. 

A H. humorab, C Cellular P, protection; h any prrncctwc response is designated as positive; c limited data presented: D btgbtn- litre obtained with 1/V 

inoeulstiom E epitopes of the atrtigen in a flagcUi/t gencr F rabbits, guinea pigs and Mice: G rabbit* and mice; H rabbin tmfy; 1 sheep. 
' Two doses gave a cell mediated response. 



contributes to the general principle? of metabolic load; the 
forcifjpi protein maj' have □ function (e\£. a protease) rhat 
harms the cell or the protein may have a damaging 
cellular location, for example, within the cell membrane. 
It is possible to increase the natural threshold of expres- 
sion of some proteins by altering the cudon usage of the 
gene to suit the host vecror (Makoff ci al. 1989) but. no 
doubt, there will be genes thar cannot be expressed to 
useful levels within foreign hosts. One o prion then would 



be to explore the possibility of isolating specific protec- 
tive epitopes and delivering them to rhe host within 
highly expressed proteins (Stocker 1990). 

Single Dose Vaccination 

Having accepted that the ultimate test for a vector 
vaccine* is its ability to elicit protective immune rcponscs 
from a single dose, this requirement can then be used as 
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another index to assess the progress of this technology 
(Table 4). Reflecting the number of hi borarories working 
in the arcn, am A Salmonella has had by far rhe grearcsr 
evaluation in animal vaccination trials. Protecrion 
following single dose vaccination using recombinant 
Salmonella has, however, not been common and the 
requirement in many cases for multiple vaccinations co 
elicit detectable immune responses is disappointing 
(Table 5; Hodgson and Radford 1993). The reason for 
this poor performance is not clear but factors involved in 
gene expression and stability as discussed above may- 
play a role. Another issue rhar has been raised for the 
aroA vectors is the desirability of developing a live 
recombinanr vaccine using a bacterium that is greatly 
restricted in its capacity for de novo protein synthesis in 
vivo. Arguably, bacterial pathogens crippled in this way 
may nor persist within the host for long enough ro 
stimulate desired immune responses and in addition, 
delivery of protective antigens would be further reduced 
by an inability to maintain synthesis of rhe new proteins 
in vivo. However, the most imporrant event for the 
development of an immune response against a foreign 
antigen may be the inirial amount of antigen within rhe 
vector and not that produced post vaccination (Brown et 
at. 1987; CVCallaghan et aL 1990; Cardenas and 
Clements 1993). If this is the case, then the second pan 
of the above argument is flawed and the requirement for 
developing in vivo inducible gene expression systems 
becomes questionable. 

Only a few studies have evaluated the immune responses 
elicited by recombinant BCG a ad Toxminus. Evidence of 
protection is, therefore, limited (Table 5) but recent high 
level expression of the ospA gene from Borrelia burgdor- 
feri in BCG and the preliminary report of protection 
following challenge is very promising (Langermann et aL 
1993; Stover 1993). Probably the most important result 
that we have had so far using the Terminus vector is the 
protection of sheep from caseous lymphadenitis using a 
single, oral dose of Toxminus expressing a genetic toxoid 
of the Corynebacterivm pseudotuberculosis PLD gene 
(Tabic 5). Interestingly, in contrast ro subcutaneous 
inoculation (Hodgson et aL 1992), sheep vaccinated 
oralJy with Toxminus alone were noc protected < A- L. M. 
Hodgson, M. Tachedjian, L_ A. Corner and A. J T Radford 
unpublished 1992). Protective immunity was, therefore, 
clearly a consequence of the immune response to the 
vectored PLD protein. This result establishes the strong 
potential of the Toxminus system as a vaccine vector. 

Other Issues 

Vaccine reactivity is an important consideration for 
humans and in production animals, because carcase 
damage reduces meat value. Site reactions following 
subcutaneous injection of BCG are well known and are a 
side effect of its powerful iramunosrimulatory properties. 
Cotynebdcteriuni pseudotuberculosis has a cell wall chat 
is chemically related to BCG (Batey 1986) and as a 
consequence produces a similar type of inflammatory 
response upon injection. Toxminus appears to be a little 
more reactive in sheep than cattle causing swelling at the 
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site of suheuc:ine"us inoculation of lO 1 bacreria that 
resolves within about seven day.? (A. L. M. Hodgson and 
A. J. Radford 1 99 1). Bacterial vectors will require studies 
ro determine the minimum doses required ro stimulate 
protective immune rcponses and then an assessment can 
be made as to the acceptability of rhe resulting site 
reactions. Sire reactions can be avoided altogether using 
oral or intranasal (mucosal) vaccination and significant 
immunological responses have been measured for all three 
vectors using this route (Table 5). The choice of the route 
of vaccination is not only influenced by site reactivity, for 
example, the chance of transmitting the vaccine vector is 
likely to be higher for animals vaccinated oralJy rhan 
Subcutaneously due to the prospect of faecal shedding. 
Parenteral vaccination using aro-dependent Salmonella 
has been used to reduce faecal shedding from pigs and 
chickens challenged orally with virulent Salmonella 
(Lumsden *rf aL 1991). Part of the concern with transmis- 
sion of live recombinant vaccines lies with the movement 
of attenuated pathogens and their genetic material inco 
non- target species where risk assessments have not been 
made, and with rhe possibility of eliciting undesirable or 
unwanred immunological responses. aroA^arcD 
Salmonella were shed from calves orally dosed with 10 1D 
live organisms (Jones et at. 1991) and we detected 
Toxminus in the faeces of one sheep from IS, post 
administration of 10 l ° Toxminus in a saline drench (A- L* 
M. Hodgson, M. Tachedjian, L. A. Corner and A. J. 
Radford 1992). The practical possibility that shedding 
could result in transmission will need a detailed investiga- 
tion for all prospective live vaccines. 

The route of vaccination can influence the type of 
immune reponse elicited. Generally, oral and subcuta- 
neous vaccinations are favoured when a secretory IgA or 
a cellular response arc required, respectively. More 
detailed studies of the immunological responses generated 
following vaccination using live delivery vehicles will 
establish the best match of vector and route of adminis- 
tration to provide protection against specific diseases. 
An issue that has been raised regarding the consequences 
of repetitive vaccination using live vectors is immunolog- 
ical tolerance. Thus far there is no evidence that multiple 
use of vector vaccines reduces efficacy. Immunological 
experience with homologous and heterologous 
Salmonella actually potentiated antibody response to 
subsequent vaccinations (Bao and Clements 1991) and 
Several studies have used booster immunisations to 
enhance the immunological reponse to a vectored antigen 
(Table 5). Although it is not generally considered that 
repetitive vector vaccination wilt result in reduced 
efficacy (Cardenas and Clements 1992) the requirement 
for multiple immunisarions would be reduced by produc- 
ing multivalent vaccines. Bacterial vector vaccine 
technology is still at the stage of proving the principle for 
single antigens, so there is little information on mulriva- 
lency for expressing more than one protective antigen 
simultaneously and then assessing the protective immune 
response. The prospects for developing muitivalenr 
vaccines should be regarded as very good given that once 
protective immunity is established from an expressed 
foreign antigen, a bivalent vaccine is possible. For 
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example, Salmonella typhi (Ty21) expressing cholera 
toxoid {Qryz 1992) could protect against cholera and 
typhoid. Once approaches coward multivalency become 
more sophisticated, issues such as antigenic competition 
will have to be addressed. 



Conclusions 

1. Bacterial pathogens can be arrenuated for use as 
vaccine vectors using classical methods such as repeti- 
tive culturing in vitro or rationally, by site-specific 
deletion of major virulence determinants or genes 
within essential biochemical pathways. 

2. Rational acrcnuation is the method of choice since it 
avoids the possibilty of reversion, is relatively fast to 
accomplish and can be applied, with a high probabil- 
ity of success, to several bacrerial species. 

3. Attenuation must find a balance between pathogenic- 
ity and innocuity so that a given vector retains 
sufficient capacity to persist within the host long 
enough to stimulate protective immune responses. 

4. One of the most important scientific goals for the 
development of a successful bacterial vector vaccine is 
to achieve high level, regulated gene expression. 

5. Important commercial aspects that must be addressed 
are product safety, stability, reactivity, transmLssabil- 
ity and ease of manufacture and sroragc. 

6\ Even though the most advanced vaccine vectors have 
not yet fufilled all of the above scientific and commer- 
cial criteria, recent data indicate that vector vaccines 
are progressing well and should have a strong 
probabilty of becoming a practical reality. 
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ABSTRACT Plasmid DNAs expressing Influenza virus he- 
magglutinin glycoproteins have been tested far tfrelr ability to 
rebe protective Immunity agonist lethal laflaeuya c&aUengcs of 
the same subtype* In tri&lfl uabyg two inoculations of from 50 to 
300 fig of purified DNA in saline, $7-05% of test mice And 
25-63% of tot chickens tare been protected against a lethal 
influenza challenge. Parenteral routes of inoculation that 
achieved good protection Included intramuscular and Intrave- 
nous injections. Successful mucosal routes of vaetraation in- 
cluded DNA drops administered to the ttar« or trachea. By for 
the moat efficient DNA iminnnizaaoas were achieved by using 
a gene gun to deliver DNA -coated gold beads to the eplditmb. 
In mice, 95% protection was achieved by two Imknimizatfrns 
with beads loaded With as little as O.d fig of DNA. The breadth) 
of routes s uppo r tin g fluccessftd DNA hmnunixalipns, coupled 
with the very small amounts of DNA required for gene-gnu 
Innmnifeations, highlight the potential of this rcm&rkabrv 
sunpk technique for the development of subunlt vaccines. 

Gene vaccines, or the use of antigeiv-e^i coding DNAs to 
vaccinate, represent a new approach to the development of 
subunit vaccines (1-4, 29), A subiuut vaccine presents only 
selected components of a virus to the immune system . Prior 
methods of subunit vaccination have used purified proteins or 
viral vectors. Each of these methods has substantial limita- ' 
tions that would be overcome if thfe immunizing protein (and 
only the immunizing protein) could be expressed in host cells. 
Gene vaccines, qffer this opportunity, with im muni ration 
being accomplished by host cells taking up and expressing an 
inoculated DNA. 

In this paper we evaluate how the route of DNA inocular 
tion afreets the ability to raise protective imrnunity* In 
undertaking the study, we' assumed that the efficacy of 
different routes of DNA immunization would reflect both the 
efficiency of in vivo transection (DNA uptake and expres- 
sion) and the efficiency with which transfected cells pre- 
sented proteins to the immune system. Studies fa, rodents on 
the transfection efficiency of injected DNA have demon- 
strated that muscle ra 100-1000 time a more permissive than 
other tissues for the Uptake and expression of DNA (5-8). 
Tissueg also differ in the efficiency with which they present 
antigens to the immune system. Tissues, such as the skin and 
the mucosal linings of the respiratory tract and the gut, that 
serve as barriers against the entry, of pathogens have asso- 
ciated lymphoid tissues that provide high levels of local 
immune surveillance (9-15). Such tissues also contain cells 
that aire specialized for major bhcocompatibUity class H- 
resmcled presentation of antigens to T-he!per cells. T-heJper 
ceHs produce the lymphoid ties that induce growth and dif- 
fereotiation of lymphoid cells. In view of the above, DNA 

Ibc DubhcatiDn coatK of thla article were defrayed in pan by page chains 
payirviftk This article must therefore bo hereby 'marked 1 'advertisement" 
in accordance witti IS U.S.C. 51734 solely to indicate this feet 



inoculations were undertaken (0 by a route that supports 
unusually efficient transfection (miisclc), (ii) by routes that 
support less efficient transfection but represent routes fre- 
quently used for the administration of .an antigen to a test 
animal (subcutaneous, intraperitoneal^ and (JU) by routes 
that support less efficient transfection- but deliver DNA to 
tissues with high levels of local immune surveillance (skin 
and respiratory passages), 

The effect of the route of inoculation on DNA vaccination 
was evaluated ill murine and avian influenza virus models. In 
both models, the vaccine consisted of purified plasmid DNA 
that had been designed to express an influenza virus hemag- 
glutinJo glycoprotein- This glycoprotein mediates adsorption 
and penetration of virus and represents a major target for 
neutralising antibody (16, 17). A number of antigenicaliy 
distinct subtypes of hemagglutinin glycoproteins are found in 
naturally occurring influenza virus infections (18). In the 
murine model, plasmid DNA expressing the hem a gg luti nin 
subtype 1 (HI) protein was used to protect against a. lethal 
challenge with a mousB-adapted influenza vmis with an 
identical Hi gene. In the chicken model, DNA expressing the 
hemaggiu tmin subtype 7 (H7) protein was used to vaccinate 
against a lethal H7 virus with an antigenic ally distinct H7 
glycoprotein (19). 

, MATERIALS AND METHODS 

Vaccine DNAs. PJasmids pCMV/Hl and pCMV/H7 were 
constructed by substituting cDNAa for HI (20) or H7 (21) for 
interleokin^ <lL-2) sequences in the pBC12/CMV/IL-2 
expression vector (22). Substitutions Were accomplished by 
blunt-end ligations into the -=4.0-Rb HindTB-Bamttt frag- 
ment OfpBCli/CMVAl^Z. Constructs in the correct orien- 
tation to express Che HI or the H7 gene under the control of 
the cytomegalovirus (CMV) immediate early promoter were 
identified by restriction endoniidease digestions. Expression 
of HI or H7 was confirmed by indirect ImmunOfluorescent 
staining or transiently transited COS cells. The pCMV/ 
control plasmid was generated by deleting a 0.7-kb DNA 
fragment containing the genp for IL-2 from pBC12/CMV/ 
IL-Z pl$S DNA represents a previously Constructed DNA 
that uses retroviral' transcriptional control elements to ex- 
press H7 (4). pRCAS, a repHcation-competent retroviral 
vector from which the rcpHcatiou-defective plB8 was de- 
rived, served as a control DNA (23). DNAs were grown in 
Escherichia coli DH5bacceria and purified on Cesium chlo- 
ride density gradients by standard protocols. DNA concen- 
tration was- determined by optical density at 260 nm and 
confirmed by comparing mtensines of ethidiUrn bromide- 
staiped restriction eadonucleaBe fragments with standards of 

Abbreviations CMV, cytpmejalovinM; IL-2, interiwkiu 2; HI tod 

H7, bctnagglutifiin subtypes 1 and 7. 

&To whom reprint requests should be addressed. 
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known concentration- DNA was stored in 1 mM Trie, pH 
7-8/0.1 mMEDTA, For injections, DNA was diluted in saline 
(0.9% NaCl). 

Vaccine Trials. Vaccine trials in mice were accomplished 
by the administration of DNA to 6- to 8-Week-old BALB/c 
mice. Two DNA inoculations were given, one at CUtic 0 and 
the second 4 weeks later. Lethal challenge was administered 
at 10 days after the second DNA inoculation -by inhalation of 
virus into the lungs of Metofane (Pitman-Moore , Mundelein, 
IL)- anesthetized mice. The challenge consisted of 220 
plaque-forming units [10-100 times the median lethal dose 
CLDjo)] of mouse-adapted A/FK/8/34 CH1N1) mfhienza wis 
in 100 ftl of saline supplemented with 0-1% bovine serum 
albumin. The challenge virus underwent localized replication 
in the respiratory tract causing death due to pneumonia 
within 1-2 weeks. Routes of DNA Inoculation included the 
following: intravenous (tail vein), intraperitoneal; intramus- 
cular (both quadriceps), intranasal (DNA drops administered 
to the nares of mice anesthetized with Metofane), intradermal 
(foot pad), and subcutaneous (scruff of the neck). In general. 
100 MS of DNA was administered in 100 /ul of saline per test 
site. For foot-pad inoculations, 50 /Ag of DNA was adminis- 
tered in 25 /il. 

Vaccine trials in chickens were conducted in a U.S. 
Department of Agriculture-approved P3 facility. Three- 
week-old specific pathogen-free chickens (SPAFAS, Nor- 
wich* CT) received two DNA inoculations, one at time 0 and 
the second 4 weeks later. Lethal challenges were adminis- 
tered via the nares at 1 or 2 weeks after the. second DNA 
inoculation. This challenge consisted of 10* egg infectious 
doses (100 LDjo) of A/Chickeo/Vicroria/1/85 (H7N7) influ- 
enza virus. The challenge infection spread rapidly throughout 
the internal organs and brain of chickens, causing death 
within 4-7 days. Routes of inoculation included the follow- 
ing: intravenous (wing vein), intramuscular (breast muscle); 
intratracheal (DNA drops administered to the trachea), sub- 
cutaneous (fl&pe), idtrabursal (injections just above the chick- 
en's vent), and intraorbital (DNA drops administered to the 
eye). In general, 100 or 200 jug of DNA was administered in 
200 ul of saline. 

In both murine and avian trials, sera were collected im- 
mediately prior to each DNA inoculation, immediately prior 
to Challenge, and at two times after challenge. Test animals 
were observed throughout the trials, and mice were weighed 
regularly beginning at the time of challenge. 

Gene Gun-DeoVtred UNA* Plasmid DNA was affixed to 
gold particles by adding 10 mg of gold powder 

(DcgUBsa, South FIainf5e]d, NT) and an appropriate amount of 
plasmid DNA to a 1.5-tnl centrifuge tube containing 50 fd of 
0.1 M spermidine, Plasmid DNA and gold were coprecipi- 
tated by the addition of 50 fd of 2.5 M CaClj during vortex 
mixing, after which the precipitate was allowed to settle and 
was washed with absolute etnanol and resuspended in 2.0 oil 
of etbanol. The gold/DNA suspension was transferred to a 
capped vial and immersed in a sonicating Water bath for 2-5 
sec to resolve clumps. Then 163 fd of the gold/DNA sus™ 
pension was layered onto 1.8 cm x 1.8 cm Mylar sheets and 
allowed to settle for several minutes, after which the menis- 
cus was broken and excess ethanol was removed by aspira- 
tion r Gold/DNA-coated mylar sheets were dried and stored 
under vacuum. The total amount of DNA per sheet was a 
function of the DNA/gold ratio and ranged from 0.2 to 0.0002 
Mg per sheet Animals Were anesthetized with '30 fd of 
Ketaset/Rompun (10:2). Abdominal target areas were 
shaved and treated with Nair (Carter-Wallace, New York) 
for 2 min to remove residual stubble and stratum corneum. 
Target areas were thoroughly rinsed with water prior to gene 
delivery. DNA-coatcd gold particles were delivered into 
abdominal skin with the Acceil mstnimeut (Agracetus, MidV 
dlcton, Wl), which employs an electric spark discharge as the 
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J force 024). Each animal received two nonoverlapping 
ries per immunization, at a discharge voltage of 17 kV, 
klftgy. Anesthetized mice were bled from the eye vein 
1 nonheparinized rxdcroheniatocrit tubes. Sera for 
within a group were pooled. Hemagglutination 
inhiMtion assays were performed with chicken red blood cells 
andltpouse serum that bad been pretreated with kaolin to 
ye background activity (25). Hernaggmtination inhibit 
titers are the reciprocal of the highest serum dilution 
| complete inhibition of hemagglutination. The isotypes 
puse antibodies were determined by enzyme-linked 
Inosorbeht assays (ELISAs) using standard protocols 
jicro well plates coated with purified A/PR/8/34 (H1N1) 
nza virus. These assays used 1:1000 dilutions of iso- 
^peciSc peroxidase-conjugated antibodies that had been 
ed at titers with similar activities (Sigma Immuno- 
cals). ' 



type; 



I 



RESULTS 



: DNAs. Vaccine DNAs were constructed by cre- 
aidsl that would express Hi or H7 glycoproteins in 
beted eukaryotic cells. Two constructs, p CMV /HI and 
JT/H7, placed cDNAs for Hi or H7 under transcrjp- 
I control elements found in the CMV immediate early 
zjter and the rat preproinsuUn gene (Fig. 1) (22), A third 
juet, pl8j8, used retroviral transcriptional control ele- 
1 to express H7 (4). Control DNAs for these constructs 
tied of plasmM vectors with transcriptional control 
nts but without inserted cDNA sequences. 

attons of DNA in Saline. Intramuscular, intravenous, 

, =d, intradermal, subcutaneous, and intraperitoneal 

route | of DN A| adniimstration Were tested for their ability to 
raise jjroteetrve immuniry in mice. With the exception of the 
intrai eritOncaJlinjections* each of these routes of inoculation 
raisetjlat least some protection (Table 1). The level of 
prate iion varied, with from 67% to 9S% of test groups 
survi dug. All of the survivors developed transient signs of 
influ^lza. Excellent survival occurred in groups receiving 
intran nisculnr inoculations, intravenous inoculations, or n> 
OCUla Lons by each of three routes (intnuTjuscular, intrave- 
nous, and intraperitoneal). Hie relatively mild inQnenza that 
deveb jjjed in these groups was associated with ruffling of fur 
and u insient weight loss. Good survival, but more severe 
influe- liza, occurred in mice receiving DNA intranasalry. Yet 
poare j|survfvat (67-75%) and more severe dens of influenza 
— - — Lj , in mice receiving intradermal and subcutaneous 
ons. Tuese groups exhibited only marginal protec- 
| the DNA inoculations. None of the mice receiving 
uperitdneal injections survived the lethal challenge, 
gj[ groups [(inoculated with pCMV/control' DNA or no 
evdoped severe signs of influenza with very few mice 

, irrvivlng the challenge. Thus, the intramuscular, uv 

travonjous, and intranasal routes of adrniiustration each pro- 
vided Hood protection. 




Fzo. 
DNAs 
cation; 
typei 



tion-siti 
(21). 



Schcmaiic ©ipCMV/Hl, pCMV/H7, and pCMV/conirol 
£»ed for irxumiruzatioss. Ori, simian vims 40 origin of repli- 
JMV, CMV immediate early promoter; HI, teoa&gglutiiun 
c JNA from A/PR/8/34 (HIND influenza virus (20); RPH, ral 
prcproi jsulin II sequences including an intran sad a poIyHdcnylyla- 
;t,J H7 1 hernagglutinin type 7 cDNA from A/Seal/Maas/l/BO 
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Tabic 1. Protection of mice against a lethal A/PR/8/34 (HlNl) i 
DNA in valine 



DNA 



Route of 
iuociilauan* 



Dose, 



Signs of 
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icnza vims challenge by inoculation of pCMV/Hl 



jlo. of surivTVorB/ 
no. tested 



pCMV/Hl 



pGMV/coptroi 



i.v. T j.p., I.m, 

i-m. 

i.v. 

i.D. 

i.d. 

B.C. 

i-P. 

Various 



300 
200 
10Q 
100 
30 
100 
100 
0-300 



+ + 

+ + + 
+ + + + 
+ + + + 
+ + + + + 
+ + + + + 



See Materials and Methods for details on vaccination trials. Si 
lethargy. Thotwerc scored as follows: + , transient weight loss but 
-f +, transient weight loss, some ruffling of fur and lethargy; +++, nt i _ 

and l^Lhargyi ++++, more prolonged weight Ins? coqpfed with teve c ruMing of flir and lethargy; ++++ + f weight loss 
and severe signs of influenza leading to death. Data, are pooled froi ljfDnr independent ttiflls. No data for the reported 
conditions have been omitted. Probability wbs wilwilatrd by using Fisher's exact two- tailed test comparing the frequency 
of survival and inOrtaHiy in vaccine versus control groups. 
"Lv., Intravenous; i.p., mcraperiLoncal; i.m. T Jntramu&cuhu 1 ; i.n, 



The effect of the route of DNA inoculation On vaccination 
was further evaluated in the chicken influenza vims model* 
Again, good efficacy was demonstrated far intramuscular, 
intravenous, and mucosal administration of the vaccine DNA 
{Tabic 2). In this highly virulent model in which vaccine and 
challenge H7 glycoproteins were not identical (representing 
genes that tad undergone a 15% drift in amino acid sequence 
(21, 25)], groups that received DNA by multiple routes 
showed the best survival (50-60%). About half thifr level of 
protection (24-3096) was achieved in groups receiving DNA 
by Only the intravenous route, only the intzamu scalar route, 
or only the intratracheal route of inoculation. Much poorer (if 
any) protection was achieved by subcutaneous, intraperito- 
neal, intraburaal, and intraorbital inoculations. Chickens 
receiving control DNA developed lethal influenza, with very 
few chickens (»29&) surviving the challenge. Within exper- 
imental groups, surviving chickens showed more variability 
in the severity of influenza-related illness than $urviving 
mice. This may have reflected the outbred genetic back- 
ground of the chickens. 

Gene-Gun itelimy of DNA. Gene gun-based acceleration 
of DNA-coated gold beads into the epidermis proved to be by 
far the most efficient method of DNA immunization (Table 3). 
The beads deliver DNA into cells, where the DNA dissolves 



% survival 



Probability 



Zl/22 

ia/& 
ia/£ 

13/1|7 
9/12 
4/4 
0/tf 
3/24 



95 
95 
B3 
76 
75 
67 
0 
13 



<0.0001 

<0.0001 

<0.O00l 

<0.OQQl 

<0-001 

<0-02 



of innueaza included weight loss, nulled fur, and 
A enance of smooth mf and normal levels of activity; 
ient weight loss and more severe ruffling of for 




[,4. intradermal; s.c, subcutaneous. 

the normal sloughing Of the epidermis (ref. 26 and 
Bltehed observations). Tests of gun-delivered DNA in 
llL - 'ne model demonstrated that as little as 0.4 of DNA 
Scieut| to achieve 95% survival These survivors 
3 very limited to no signs of postchallenge influenza, 
riving 0.04 Of gun-delivered pCMV /HI DNA had 
5% survival rate and suffered fairly severe signs of 
iza. Mice that received 0.004 /ig or 0.0004 pg of 
)f /HI DNA succumbed to the challenge. As in testa of 
1 1 injections, mice receiving control DNA developed 
i signs of (influenza and had very limited survival (14%). 
_ Ibody Responses In DNA-Vacdnatad Mice- DNA v&cci~ 
parjo |b by the 'various routes appeared to prime antibody 
respc tjsee, Antibody responses were assayed using tests for 
hemarautinntipn-inhfo king activity and ELISA activity (for 

* r data see Table 4; for representative chicken data see 

. The DNA vaccinations and booster inoculations 
only low to undetectable titers of heirja£gIutbiation- 
' g antibodies and ELISA activity. These low levels of 
underwent rapid increases after challenge. Frotec- 
UrrCd in both mice and chickens that did not have 
.ile levels of anti-influenza antibodies before chat 
(However, the best protection Occurred in groups in 
kbe DNA inoculations had raised detectable titers of 
dy (Tables 1, 3, and 4). 

||of ELl&As to score the isotypes of the antt-uifiuenza 
sntibodiqs demonstrated that the im mo nidations had 




and can be expressed (24, 2$). Expression is transient (24, 

26) p with most of the expression being lost within Z-3 days _______ 

Table 2. Protection of chickens against a lethal A/Oiicken/Vlccort^ U./S5 (R7l$7) influenza virus challenge by 
inoculation of H7-eaprcaging DNAs in saline |f 



DNA 



Routed 
raeculauon* 



Dose. 

MS - 



pm 



pRCAS 
PCMV/B7 



pCMV/control 



i-v., Lp T1 s^.t 

Lv. 

i.p. 

a-C- 

i.v.. i.p., t.cJ 

L\. t i.p.» Lm r 

T.TTl. 

i.L 
Lb. 
i.o. 

Various 



300 
100 
100 
100 
300 
300 
200 
200 
200 
200 
0-300 




1 jprvivort/ 
tested 



3 survival 



Probability 



50 
24 
D 
0 
2 
63 
30 
30 
10 
10 
2 



<0.0001 
<0.01 



<0.000l 

<0.02 

<0.02 



See Materials and Methods for deurila of vaccination trials. Within ex geihncatal groups , survivors showed varying signa 
of influenza. Data for pl98 and pRCAS DNA are pooled from fl e Independent trials. Data for pCMV/H7 and 
pCM V/control DNA are poolad fr^m seven independent trials. No datj have been omitted. Probability waa calculated by 
using Fisher's exact two- tailed teat comparing the frequency at snrviv. [ and mortality In vaccine versus control groups, 
*i.t., Intratracheal; i.b.. intrabursal; Lo„ intraorbital; for others, see ft titnote to Table 1. 
♦Data reported in ref. 4. j \ 
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Table 3 . Protection ot WWW against a lethal A/PR/8/34 CH1N1) 
influenza vims challenge by gene gun-delivered pCMV/Hl DNA 

No. of % 
Dose, Signs of survivors/ sur- Proba- 
DNA $ig infh terra no. tested vival bOity 



pCMV/Hl 


0.4 




21/22 


95 


<00001 




0.04 


+++ 


7/11 - 


64 


<0.01 




0.00* 


+++++ 


0/5 


0 






0,0004 


++++-*- 


0/4 


0 




pCMV/control 


0.4 


++++-*■ 


3/22 


14 





See Materials and Methods for details of vaccination trials and 
legend to Table 1 for description of Signs Of influenza, Data are 
pooled from four lndependcni trial*. No trial haa been omitted* 
Probability was calculated by using Fisher T a exact two-tailed test 
Comparing the frequency Of survival and mortality ia vaccine versus 
control groups. 

primed IgG responses. Law titers of anti-influenza IgG could 
be detected in tbe sera of mice vaccinated by gun deKvcry or 
intravonous or inlrainiiscular inoculations of DNA. Border- 
line to undetectable titers of IgG were present in the sera of 
mice receiving DNA nose drops (consistent with the poorer 
protection provided by this route of DNA aduiinistration). By 
4 days after challenge, increased levels Of IgG were detected 
in mice undergoing the best protection. By contrast, mice 
receiving control DNA did not have detectable levels of 
anti-influenza virus IgG until the second serum collection 
after challenge. This Was consistent with vaccinated, but not 
control, groups undergoing a secondary antibody response to 
the challenge. 

Marginal to undetectable levels of IgM and IgA were 
detected in both prcchallenge and postehaJlcngc sera (Table 
4). The low levels of these immunoglobulin isotypes through- 
out the trials Indicated that none of the routes of DNA 
inoculation were effective at raising serum IgM or IgA. 

DISCUSSION 

The results of onr vaccine trials demonstrate that epidermal, 
mucosal, intramuscular, and intravenous routes of adminis- 
tration can be used for DNA vaccines (Tables 1-3). Our 
results' also demonstrate mac gene-gun delivery of DNA into 
the epidermis is a very efficient method of inoculation, 
achieving protection with 250-2500 times less DNA than 
direct inoculations of purified DNA in saline (Tables 1 and 3), 

Trarafectioa Efficiency Versus Vaccination Efficiency, One 
of the striking results of our DNA vaccine trials lb that the 
efficiency of tranafection does not necessarily determine the 
efficiency of vaccination. The high ability of rodent muscle to 
take up and express DNA (5-7) did not correlate with an 
unusual efficiency of intramuscular vaccinations (Tables 1, 3, 
and 4). In the mouse trials, inframuscular inoculations 
worked well, but no better than intravenous inoculations, and 
only somewhat better than the adumbration of DNA nose 
drops (Tables 1 and 4). Similar results were obtained in the 
Chicken trials, where intravenous and intratracheal inocula- 
tions achieved levels of protection comparable with those 
provided by intramuscular inoculations (Table 2). 

The success of DNA iittmumzations by the intravenous and 
mucosal routes may reflect efficient antigen presentation and 
recognition compensating for inefficient transection* Both 
blood and mucosal surfaces have associated lymphoid tissues 
that provide specialized and .highly active immune surveil- 
lance. Thus, successful vaccination by these routes may 
reflect 4i. highly efficient response to very low numbers of 
transfected cells. 

High Efficiency of Gene-Gun Vaccinations. Highly efficient 
immunizations were achieved by gene-gun delivery of DNA 
to the epidermis of mice. This method of imnuinization 
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s 4. Antibody responses in vaccine trials testing routes of 
Inoculation in once 



No. 



Titers of antibody to 
A/TR/8/34 (HINl) 

ELJ5A value x 
10-2 




pOtfy/coutro] 
injjuine 

1 nwirm-c 



PCM r /Hl. 
gen f gun 



pCKf /controLj 
gene gun 



bleed 


testea 


OA 


JlgM, 


igu 


TV. A 

IgA 


Pre vac 


2 01) 


< 


< 




< 


10 d PB 


2 (12) 


< 


< 


g 


4 


4 dPC 


1 (6) 


20 




126 


4 


14-19 d PC 


2 (10) 


J.13 




256 


4 


Provac 


3(15) 


<: 


< 


< 


< 


JO d FB 


3(15) 


< 


< 


3 


< 


4dPC 


2(13) 


6 


< 


32 


2 


14—19 d PC 


3 (IS) 


127 


< 


406 


2 


Pre vac 


3(17) 


< 


< 


< 


< 


lQdPB 


3(17) 


< 


< 


2 


1 


4dPC 


2(H) 


< 


1 


2 


1 


14-15 d PC 


3(17) 


160 


2 


202 


2 


Pre Vac 


3(161 


< 


< 


< 


< 


lOdPB 


3 OS) 


< 


< 


< 


< 


4 d PC 


2(9) 


< 


<: 


< 


< 


14-19 d PC 


J (2) 


320 




256 


< 


Pre vac 


2 aw 


< 


< 


< 


< 


10dP£ 


3(161 


10* 


l 


10 


< 


4dPC 


3 a© 


20* 


2 


64 


< 


14—19 d PC 


3(13) 


160* 


< 


645 


< 


Provac 


2(12) 


< 


< 


< 


< 


10dP£ 


3(16) 


< 


I 


< 




4dPC 


3(16) 




2 


< 


< 


14-19 d PC 


1(3) 


NT 


4 


512 


< 



rjBtjsfare the geometric means of the reciprocal of the final dilations 
of pooled sera that scored positive for a gfren condition. Prevac, 
Weed. before DNA vaccinations; 10 d PB t sera harvested 10 days idler 
the second DNA inoculation. Immediately prior to challenge; 4 d PC, 
sera harvested at 4 daya postchalleage. No. tested, no. of groups for 
whJcb| [pooled sera were assayed (total no. of animals contributing 
sera tolihe pools); < r activity not detected in the loweat dilution of 
serum 1 psed in teats £1:10 for hemagglutinin Inhibition (Hi); 1:100 for 
EUSAU NT, not tested. 

♦Onlyjjpc of the three pools of sera was tested for HI activity, 

required 250-2500 times less DNA than the saline inocula- 
tions CQjMXW 1*8 as opposed to 100-200 fx$ of DNA) (Tables 
1 &ud]|3). We think the remarkable success of gene-gun 
vaccinations reflects the combination of efficient transfection 
with efficient antigen presentation and recognition. The gene 
gun represents a very effective method of transfecting a 
tissuej]|(24, 26). When tbe epidermis is fearafected, DNA- 
exprcsscd antjgfcng are subject to immune surveillance by the 
skin-associated lymphoid tissue. This lymphoid tissue is rich 
in cells (such as epidermal Langerhans cells) that axe capable 

presenting ttariHfected antigens to the T-herpcr component 
of thej|immune system (12-14, 27). 

Induction of Memory by DNA Vaccinations. DNA immu- 
nizatijjjns rely on low numbers of transfected, antigen- 
expressing cells to raise immune responses. In oar trials, 
these low numbers of antigen-ex pressing cells did not induce 
hieh-UtcT antibody responses (Tabic 4 and ref. 4). However, 
they c3d prime both T-helper and B-ccll memory. This 
memc% appeared to provide protection by supporting the 
mounting of secondary responses in challenged animals (Ta- 
ble 4). Evidence for tbe priming of memory is provided by the 
DNA inoculations raising antibodies belonging to me IgG 
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isotype. T$Q is produced by differentiated plasma cells thai 
have undergone imrnunogjobtiKn rearrangements in response 
to T-ceh help (28). Evidence for the mobilization of memory 
in response to the challenge is found in the rapid increases in 
serum IgG after challenge (Tabic 4). 

Summary. Our studies demonstrate that many routes of 
DNA inoculation can be used for raising protective immune 
responses. Two of tbese we consider particularly promising: 
(i) vaccination by gun delivery of DNA into the epidermis and 
(fO vaccination by administration of X>NA to mucosal Bur- 
faces. Both of these routes Of administration should raise 
responses that will provide systemic immunity as* well as 
specialized survcfllancc for major portals of pathogen entry. 
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Vaccines represent the most commonly employed Immu- 
nologic Intervention In medietas today. Indeed, they are 
currently one of the few antigen-specific approaches with 
clearly documented clinical succbss- Current estimates 
by the Centers for Disease Control indicate that greater 
than 5,000,000 doses of vaccine against some Infectious 
organism are administered yearfy In the United Stalas, 
making vaccines the most commonly admin [stared Immu- 
notherapeuttc. Current vaccines target only a tiny fraction 
of Infectious diseases, since prophylaxis against some of 
the most common and deadly Infections In the third world 
is limited by expense and ease of distribution. In addition 
to the public health concerns of expense and distribution, 
other re aiures of current vaccinas limit their ef flcacy. While 
most current vaccines typically elicit reasonable antibody 
responses, cellular responses fjn particular, major hlfeto- 
compatibility com pie* [MHC] class [-restricted cytotoxic 
T cells) are sen era try absent orweaK. tar many Infectious 
diseases, such as tuberculosis and malaria, hum oral re- 
sponses have been shewn to be of little protective value 
against infection. Another limitation of most current vac- 
cines relates to the limited duration of immunologic mem- 
ory, Ideal vaccinas would provide lifelong prophylaxis, a 
goal Generally not achieved by current formulations. 

In the last three years, DMA vaccines have burst onto the 
scene as a radically new approach to infectious dEsease 
prophylaxy. One oflhe most surprising and important fee* 
tursa of DNA Immunisation la that purified "naked" DNA 
appears to betaken up and expressed by cells In vivo with 
much greater efficiency then would have been predicted 
by the experience with DNAtransfectlon In tissue culture. 
This finding provides I he basis for a critical pharmaceutical 
advantage dI DNA vaccines: namely, simplicity Of preparer 
lion. In addition, naked DNA can be produced in large 
scale with tremendous purity, aJ lowing lor freedom' from 
coniaml nation with potentially dangerous agents. The final 
pharmaceutical advantage of DNA Is Its tremendous sta- 
bility relative to proteins and other biologic polymers, a 
feature likely to be mora relevant tor the production of 
vaccines than the recreation of dinosaurs. 

From an Immunologic perspective, the unique ability of 
DNA to either Integrate stably into the genome or be main- 
tained long-term In an episomal form provides the potential 
for long-lived antigen expression. This feature thus has 
implications for the duration of Immunologic memory 
achievable with nucleic acid vaccines. Despite the flurry 
of rapons documenting the anility ot naked DNA vaccines 
lo Induce both Immunologic and protective responses in 
animal models, the mechanism by which DNA injections 
activate the immune system against the encoded antigens 
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remains somewhat mysterious. Nonetheless, given what 
Is now understood about pathways of antigen processing 
and the requirements for T cell activation, apposing tha 
mechanisms of Immune activation by naked DNA may 
reveal some provocative dues la how the Immune system 
deab with different forms of antigen. 

Methods of In VJvo Transduction with Injected ON A 

As [la so often the case with active areas of Investigation, 
evidence for Jn vivo transduction by injection ol purified 
DNA was observed many decades ago. but remained 
largely unnoticed until rte more recent resurrection- As 
early as 1960, Ito (1QGD) demonstrated 1h» induction of 
papillomas In rabbit skJn by Injecting phenol-extracted nu- 
cleic acids from the Shops rabbd papilloma vims. Then, 
In 1990, Wolff at al. demonstrated direct gene transfer Into 
mouse muscle In vivo with reporter constructs (Wolff el al., 
13S0). Using either chloramphenicol acelyl 1 ran sf erase, 
luclferase, or p-gat&ctosidase, they demonstrated that in- 
jection of either purified RNA or DtfA could result In ex- 
pression of the appropriate enzyme activity within theskel- 
etal muscle. When 100 of purified DNA consisting of 
the reporter gene finked to a Rous Sarcoma Virus LTR 
(HSVL) promoter was Infected, epfsomal plasmid DNA 
cotLld be detected by Southern blot 30 days later and en- 
zyme activity persisted for at least 60 days, afler Injection. 
The stability of this eplscma! form of DNA fe presumably 
due to the low proliferative state of myocytes *m vivo. Nu- 
merous subsequent studies have evaluated different pa- 
rameters of In vivo gene transfer, Including injection vehi- 
cle, promoter, DNA structure, end route of injection (Davis 
at a),, 1893a: Elsanbraun etal., 1993; Fynan et al M iB93b; 
Jiao et al., 1992; Manthorpe et ai. r 1993; Prigozy et a1. F 
19Sa;WcltfetaL ( 1991). 

Surprisingly, most investigators have found that simple 
saline solutions appear to be quite reasonable carriers, 
often resulting in ir ansfectlon of between 1 %-5% of myofi- 
brils in the vicinity of The injection site In the case of intra- 
muscular administration. DNA preparations lhat are typi- 
cally used lo Iransfsct calfe in vitro, such as calcium 
phosphate precipitates or liposomal preparations, do not 
appear lo enhance the efficiency of In vivo transfer (Man- 
thorpe etal., 1993; Wolff etal., 1999). In fact, most agents 
tested trial might theoretically enhance In vivo transection 
efficiency appear lo interfere with gene transfer, at least 
into skeletal muscle- Nonetheless, there are a few reports 
that cairtjsctlons of toxic agen ts intended to cause muscle 
necrosis and repair either prior to or concurrently with In- 
jection of DNA, can increase gene transfer an4 expression 
(Davis etai.. 1993a, 1893b; Vitadeito et aL, 1994; Wang 
et si., 1933^) 1993b). These Include local anesthetics, 
euch as bupivicalne, and myotoxins, such as cardiotoxin.. 
Different promoters that have been compared for effi- 
ciency of gene expression lor in vivo DNA transfer include 
CMV-ie. R9V, 9V40, SRe. adln, MCK. «-gkibin T adenovh 
rus, and dihydrofolate reductase. While relatively few di- 
rect comparisons have bean performed, viral promoters 



II 



No Transmission Information Available 
20/11 '02 17:20 FAX 61 3 9663 3099 



in 



on line [03 for SF10017 printed 11/20/2002 
FB RICE & CO. 



08:21 * Pg 45/£ 



045/062 



19^1 1/2092 



08552 



QIMR K FLOOR + 0039663309= 





WinliwlBvr 
1B7 



NO • 871 



with broad cell typo specnTcrty fiuch as tha CMV and RGV 
promoters appear to generate the most conaiatanuy high 
levels of expression of reporter constructs. 

With regard to site of Injection, the largest experience 
b whh Injection Into skeletal muscle. Other tissue types 
have also been shown to express gene products after DNA 
Injection, including cardiac muscle, liver, end dermis (Ac- 
sadl eteL, 1 991; Malone elal-, 1994; FtezeteL, 1G94). One 
of the new technologies that has engendered particular 
Interest In Intradermal DMA injections Is the gene gun. 
Trie gene gun, an Instrument currently not covered under 
the assault weapons ban, takes advantage of the ability 
of baliiEtlealry accelerated mlcroscopte gold particles to 
penetrate ceil membranes without killing ihe celt. By mix- 
ing these geld particles with purified PNA In the presence 
of a polycatlona such as sperm adlne, the nucleic acid be- 
comes coated onto the gold particles. These DNAtoated 
gold panicles are toaded Into the gene gun end the end 
Is abutted to a shaved area of skin. Discharge of the gene 
gun reaullfl fn penetration of the dermis between 0.1-5 
mm, depending on ihe chosen projectile lorce. "mis form 
of DNA Injection has been shown to transduce celte in 
both the dermis and epidermis (Eisenbraun et el,, 1993)- 

Generation of immune Responses by Naked 

ONA Vaccines 
It Is row well established trial Injection or naked DNA 
through any of a number of routes rupraduclbly Induces 
both humoral and cellular immune responses against the 
encoded antigens. The Initial report that genetic Immuni- 
zation could elicit Immune responses measured ^he induc- 
tion of antibodies against human growth hormone (hGH) 
subsequent to ballistic Injection of DNA^oated gold parti- 
cles wiih a gene gun (Tang at aL. 19fl2}. hGH gene con- 
structs under transcription control of either the human 
^sclin promoter or CMV promoter Induced specific anti- 
hGH antibody responses. The tiler of antibodies was 
somewhat variable and strain dependent. In addition* 
dear-cut booster effects of subsequent DNA Immuniza- 
tions were observed, akin to what Is typically seen with 
recombinant protein immunizations. 

Subsequently, Liu and colleagues demonstrated that 
antigen-specific CTL responses could be induced by Intra- 
muscular injecllon of naked DNA (Montgomery et aL, 
1993; Utmer el al., 1693). They utilized an Influenza A 
model to emphasize the advantage of a vaccine strategy 
that couu indues CTL responses, as humoral responses 
to Influenza A lend to be strain apecKio and poorly cross 
protective. This Is because the major antibody responses 
are directed against the hamaglutlnin (HA) antigen, which 
varies significantly among rJllterent Influenza strains. In 
contrast, epitopes of the Influenza nucleoprotein (NP) anti- 
gen, a major target for OTL responses, demonstrate sig- 
nificantly less inte retrain variability. Using a ptemW 



containing the NP gene driven by either arv RSV or CMV 
promoter, they demonstrated specific CTL, responses 
agalnsi the NP 147-155 epitope presented by the l+aK* 
MHC class I molecule, Importantly* animals immunized 
Intramuscularly wrth NP DNA were protected from Intrana- 
sal challenge with 102.5 TQlD 50 of an Influenza Isolate, 
ArHK/M, which arose 34 years after the strain from whteb 
In* vaccinating NP gene was isolated (A/PRW34). 
I importantly, OTL responses against NP were found to 
persist at least 1 3 months subsequent lothe intramuscular 
DNA Injection (Yankauckas at si., 1S9S). These studies, 
as well as analogous findings in other animal models of 
Irifecttous disease, suggested ihat naked DNA Immuniza- 
tion could produce bng-term humoral and cell ufarimmune 
'responses qualitatively similar to Rve attenuated vaccines 
/'but without the safety hazards of Inoculation ol five virus. 
Other Infectious disease models in which successful im- 
munlzaliOnandtfkmslpartl^p^ 
-lenga have been observed Include HIV (using the gp120 
or gp160 genes), bovine herpes virus (GIV gene), rabies 
virus (surface glycoprotein gene), and hepatitis B vtfus 
'(fiepatWs B surface antlgenj (Cox et al. 1993; Davis et 
■sL, 19B3b; Wang et al., 1993a. 1993b: Xiang et al., 1B34). 
Iri addition to the nueteoproteln gene. DNA vaccinations 
with other influenza genes including HA and matrix protein 
.have likewise demonstrated protective responses (FVnan 
■k aL, 1693a; Montgomery et aL. 1993; Robinson et al., 
1993). In essentially all cases, significanttitersof neutralis- 
ing antibody are induced and, in the case of rabies virus 
and HIV, CTL responses were also documented- 
j Despite the rapidly expanding volume of reports docu- 
menting successful Immunization with naked DNA vao- 
! cfnes, there has yet to be a direct systematic comparison 
•of the relative potency of DNA vaccines versus other live 
. attenuated viral or recombinant protein plus adjuvant vac- 
cines in standardized animal models, One rapert did com- 
pare the relative efficacies of naked DNA Injections as a 
, lunctlon of route of Inoculation, Using either Ihe HA sub- 
' type 1 (H1) protein in a mouse model ol adapted Influenza 
virus or the HA subtype 7 (H7) gene In a chicken model 
of Influenza, six routes ol Inoculation (intravenous. inLra- 
. peritoneal, Intranasal, intramuscular. Intradermal, subcu- 
. tanaous) were compared in their ability to Induce both entK 
; body responses as wet as protective fmmunlty (Fynan et 
aL, 1993b). While in tnamu&cul^r Injection of DNA ap- 
' paarad to generate the bast response, intravenous. Intra- 
nasal, Intradermal, and subcutaneous Immunizations also 
Induced significant protection. When ballistic inoculation 
of DNA-coated gold particles was evaluated, equfwateni 
; levels of protection were achieved using 2-3 logs lower 
total DNA dose (0,4 ug) than all of the ether formsof Inocu- 
lation. In contrast with what might be expected utfng a 
recombinant protaln vaccine, Intranasal (mucosal] DNA 
Inoculation did not resulL In enhanced immungofobulih A 
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Figure 1. Biopsy ol Muad* Utter Injection With Purged DNA Blooding frQolMtaaWaM 

Pudtad DNA (100 uci) enmdln B fl-fi*lacte«ldaBO unifai Irr^rrlpitanaJ Cor** ol PIS CMV-IE promottr we* Injecbsd Into th« ****** 
SI taW proportion of myofibril, *™™) « u Lht »fenl«0«nt 1n«Bnime&ir/ WUttaJft MTAwS]. 
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(IgA) liters but rather produced IgG responses simitar to 
intramucoaar and Intravenous injections. Clearly, much 
additional evaluation needs to be done In developing gen- 
era! principles tor the quantitative and qualitative aspects 
of DNA Immunization- 

Mech&nfoms ct Initiation of Immune Responses 
by DNA Vaccines ^ 
As eludarf to above, many of the advantages of DNA vac- 
cines have been proposed to stem from either stable Inte- 
gration or axfrachramosomal maintenance of the DMA 
within cellsof the injected organ. In the case or Intramuscu- 
lar Injections, reporter constructs appear to mark myo- 
cytes specifically as the targets of integration and gane 
expression (Figure 1). The previously proposed mecha- 
nisms for priming of humoral and cellular Immune re- 
sponses by DNA vaccines have reflected the distinct path- 
ways of MHC class I and class II antigen processing as 
defined In cell culture. Thus, antibody responses have 
been proposed to occur when antigens encoded by the 
transduced myocyte are released Into the circulation ei- 
ther via secretion or via cell death. These antigens are then 
taken up by macrophages and B cells, thereby Initiating a 
T helper-dependent antibody response. Alternatively, CTL 
priming has been proposed to occur via endogenous pro 
teoeomtwiflpandent processing end presentation 0 f ^ 
gens within Ins transfected myocyte followed by TAP- 
dependent presentation on the myocyte MHC class i 
molecule (Figure 2AJ. The stability of the Integrated DNA 
sequences wog Id produce an essentially continuous sup- 
pry of antigen to drive Immune responses indeRhltely thus 
accounting for the long-term persistence of immune re- 
apcnses against antfgerrs encoded by the Injected DMA. 

if antigen receptor occupancy by peptldsHUHC Corrv 
Plexsa were the whole story to T cell activation and immu- 
nologic priming, these proposed mechanisms would seem 
ft* moat reasonable. However, they do net account for the 
crihcAl rolB of cosbmulatory signals in initialing Immuns 
responses. Indeed, an Increasing body of evidence In the 
serf-tolerance field suggests that antigen recognition In 
the absence of appropriate cosilmul^tory signals results 
in Immune tolsmnce (hy either ignorance, energy, or dela- 
tion) rather than activation. Thus, simple release of anti- 
gens by natural processes of cell death do not result In 
inducts of immunity. For example, the myocyte ceff 
death that Invariably occurs after running a marathon does 
not produce autoimmune myocyte, fty analogy, it Isproba- 
Wy overaimplfctfc to propose that Immune responses against 
antigens encoded by Integrated DNA activate and propa- 
gate Immune responses when transfected myocytes sim- 
ply die by natural processes. Similarly, the mounting 
evidence for Casa'mulatDry requirement In COB T cell acti- 
vation rmplies that direct presentation or endogerrousry 
synthesized aniens by MHC fcJass I molecules of trans- 
faeted myocytes might not be expected to prima CTL pre- 
cursors. H 

A critical element to iha priming of both humoral and 
cellular Immune responses that Is usually left out of the 
Picture In discussions of naked DNA vaccines Is the bone 
marrow-derived antigen-presenting cbIF(APC). Indeed, al- 
though ir has never been systematically studied, sites of 



Infected muscle clearly become Infiltrated with Inflamma- 
tory cefte (see Figure 1). As with all other circumstances 
orimmunofoglc activation, il is hard to imagine lhat bone 
marraw-rerived APCs within these (Wlammatory infil- 
trates do not play an Important role In the vaccine affect 
of naked DNA immunizations. In the case of MHC class 
N-rBstrtctad CD4*Tcell priming, these- APCa would have 
the opportunity to pick up locally released argons in the 
Irrtarstfoal spaces and carry them to draining lymph nodes 
wher*they could be presented loboth B cells end TcelJs 
With regard to the primJrtg of MHC class 1-rastnctedCOB 
T cells, it may also be worth considering these infiltrating 
APCs as prime suspects in CTL activation (Figure 2BJ 
Despne^ha eariter cross-priming experiments of Sevan In 
the rSTpe, the notion that hoshiarived APCs could aft?- 
clently IngeaifeteasBd exogenous antigens tor processing 
and presentation on MHC class i molecules in vivo had 
been co nsidered Improbable, because he defined cellular 
pathways of MHC class I antigen presentation require that 
me antigen be expressed endogenous* (Bevan. 1B76] 
However, recent experiments designed to determine 
Which cell type presents tumor-specific amtgans to MHC 
class ^resmcted CDa T cell* may be quite analogous to 
me CTL primmg that occurs vrfth an in vivo transfected 
myocyte, in bath cases, the antigen la initially express 
exclusively by a nonprofessional APC. In the- caee of tumor 
vaccinas. Huang et al. (is«) used a modal system in 
whrch e. specific antigen (Influent WP) w r ln known MHC 
Class I epitopes is expressed by a lumor. Parent F1 chime- 
ras in which the MHC haptotypes D f tha bona marrow-. 
der^callseiuierdidordidnotmatchUitfMHChaplDtype 
of me tumor cell were vaccinated wllh NP-exprasslng lu- 
mofs. in aR cases, the NP^speclfic CTL generated ware 
specific exduslvelyforapitop« a presented by MHC alleles 
expressed by the bone marrow-^terfved cells, not the ru- 
mor cell: Thus, the priming of MHC cites l-restrfclad re- . 
sponses. invoked the tranaf ar of that antigen t* a host 
bone marrow-darhred cell before he presentation to CDS'* 
Tcetfe, using subsets of macrophages and dafmed condi- 
tions in vitro, exogenous antigens have recertify been 
shown to enter the MHC class I processing pathway (Ko- 
vacsovlcs)BanJcowski and Rock, igss) ^ 

^1^^°* evWenGG ""Paring bone marrow- 
derived ApCs In the priming events of naked DNA vac 
c nas comes from a racent study by Ertl and colleagues. 
Using lha jmunna rabies modal, they demonstrated thBt 
cornjectiori of naked DMA encoding murine granulocyte- 
macrophage colany^tlrnulallng factor (GM-CSF) with the 
gene encoding rabies glycoprotein enhanced both ami, 
body andcellular response* to ihe rabies glycoprotein an- 
tigen (Wang and Ertl. 1995), The enhanced Immunologic 
respunseaicorrelated with enhanced protection against 
challenge with the rabies virus in vaccinated animals 
Tnase results appear analogous to findings that tumor vac- 
cina* genetically modified to express GM-CSF provide en- 
hanced syaiamlc immunity against chailengs wllh lachal 
doses of unmodified tumor cans Injected distant to the 
vaccine site. The proposed mechanism by which para- 
cnne GAA-pSF elaboration enhances anirgei>&pedfk: im- 
mune response relaies to the ability or thb cytokine to 
IndUGB the differentiation of hemalopoetic progenia into 
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Rsuro 2. Three PqbbUo Ucd<rfs for Priming al MHC CI&hb I-Rb- 

rtrfciad ctL Raaponsea by Intramuscular DNA Injactone 

(Al Dirac! presentation by Varwduced rnuBda Calta, 

(B) Traratef □! protein MlJflena to bgr>a mermwMlarh/eil APCe with 

crossover into 1Mb MHC da^ hproee»in 0 Pfhway ; 

{C) upwko of DMA rfrfarfly into bone me/jow-d«?/tva d ap C6 irtrattaung 

tho muscle fotiowftd by d{u»leal MHC class I preceding. 

•pfotowlonftr APCs. In addition to macrophages, GM- 
CSF has been shown to induce Una differentiation and 
maintenance pf dendritic cells. This cell type, which is 
2-3 three logs mora potent an a per cell basis than macro- 
phages in activating naive T csla In vitro, has been pro- 
posed In be the critical APC in imitating Immune rBsponaea 
In vivo. Qualitative and quantitative differences hi APC 
composrtkin cr trafllo into different tissue types may, In 
fact, account for the lower amount of DNA necessary tor 
intradermal vaccination, tn particular, the presence of 
Langerhans cell* 'M the epidermis provides a ready source 
Of APCs at the injection site. 

Another model for immunologic priming by naked DNA 
vacdnea beam ccnsidaralion since It has neither been 
ruled in or ruled cut. While Sutton's law dictates lhal at- 
tention be focused on the myocyte In the case ol intramus- 
cuter DNA vaccines, it Is certainty possible that small 
numbers of infiltrating bone marrowHtertved APCs are 
themselves directly tratsfectad (Figure 2C], Because these 
bone marrow-derived cells are motUe. while myocytes are 
stationary, they may have fled the scene by the time the 
biopsy Is taken , thus giving the appearance that myocytes 
are the only tranaf ectad call. While small In number, such 
transected bone marrow-derived APCe may ultimately 
be the critical players In priming Immune responses In 
draining lymph nodes. 

Now thai naked DNA has become established as a clear 
player in the vaccine Held, It will tie important to dissect 



the mechanisms by which it activates Immune responses. 
II Is only through these studies that Intelligent modlUca- 
tfons can be introduced to maximize both quatrtatlvety end 
quantitatively Its ultimate potency. 
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DNA vaccination against virus infection and enhancement of 
antiviral immunity following consecutive immunization with DNA 
and viral vectors 

ALISTAIR J RAMSAY, KAH HOO LEONG and IAN A RAMSHAXV 

Division of immunology and CeU Biology. John Curtin School of Medical Research, frustration National University. 
Canberra, Australian Capital Territory, Australia \ 
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Summary Recent d&moost&tioas of the immUnogerriciry of antigens encoded m DNA plasmids following 
delivery by various routes have heralded a pew era in vaccine development. Id this article, we review progress 
in DNA-based Antiviral tamunoprophvlaxis. Preclinical studies have already established the imraunogenicity 
of DNA plasmids encoding protective antigens from a wide variety of viral pathogens and work published in 
recent months has raised real prospects of broadly protective DMA vaccination: against infections wUh influen- 
za virus and HtV. We also describe a consecutive immunization protocol consisting of a priming dose of 
vaccine antigen encoded in DNA plasmids followed bjj a booster with the same antigen encoded in recom- 
binant fowlpox virus vectors. We have used this strategy to generate protective antiviral cell-mediated 
immunity and sustained, high-level antibody response^ both systemically and at mucosae, and to elucidate 
immunological mechanisms underlying the development of immunity to antigens delivered In DNA vectors. 

Key words: consecutive "immunization strategy, DNA vaccines, vims infection. 



Introduction 

In the early 1990$ it was demonstrated that genes encoded in 
DNA plasmids weft expressed in mice following cither ion. 
injection into muscle tissue 1 or particle-mediated bombard- 
mem of skjn via a 'gene gun'. 2 * 3 These observations provided 
the foundations for an explosion of research activity leading 
ro the development of navel possibilities for vaccination 
against disease. Studies in animals have shown that DNA 
vaccines are capable of eliciting persistent humoral and 
eeU-xncdiatcd immune responses to a wide range Of Yiral, 
bacterid and parasitic antigens, many of which are protective 
against infection with the native pathogen, as well as effec- 
tive tumour-specific immunity and. in some cases, work has 
progressed to ihe stage of phase I clinical trials for human 
vaccines. The first demonstration of the protective efficacy of 
DNA va&cinatioa was against infection with influenza virus 4 
and many subsequent studies have shown that this approach 
has great potential for the development of improved immuno- 
prophylaxis against a wide range of viral pathogens. 



DNA vaccination against virus Infections 
Influenza virus 

Ulmer and colleagues first showed that mica jmmnnized with 
DNA plasmids encoding the nuclcoprotein Q$F) of influenza 
virus generated NP-apecific serum antibody and raemoty 

Correspondence: Cr Alictnir S R*ati$y, Division af ImTiuaotagy 
and Cell Biology, The John Curtin School of MuffcaJ Research. 
Australian Nation*! 'University, Canberra. ACT OZOO. Australia. 
Email: <AUaE4ir.KBrasBy@tinu.edu ±a> 

Received 22 May 1997: accepted 22 May 1997. 



CTL responses and were prelected against morbidity and 
mortality when challenged with heferoiypK influenza Wms^ 
Subsequent studies in mice, ferrets and chickens confirmed 
that DNA encoding haemoggratmin (HA) or HP genes gener- 
ated immune responses which protected against disease. 
Long-lived, protective antibody responses against HA 5 * aod 
cross-protective CTL against epitopes of Nf\ 7 including both 
immunodominant and immunorecessive determinants. 1 were 
generated in animals given DNA via the Lm. route. Gene gun 
delivery of similar plasmids also stimulated (ong-ienn. ami- 
body responses against HA which conferred resistance Id 
infection with homologous strains of influenza virus * 10 but 
which also provided protection against Ictha! antigenic 
variants that differed from the primary antigen by as much as 
139& of their amino acid sequence. 1 Ln These studies suggest 
mat DNA vaccination with appropriate antigens may provide • 
broad protection against antigenic drift « exhibited by 
influenza virus. Protection against lethal challenge has 
also been achieved in chickens following direct mucosal 
(intranasal) or i,v. administration of DNA encoding HA, 
albeit less efficiently than gene gun delivery, demonstrating : 
the breadth of routes of effective immunization which may be - . i 
possible using this technology.* The first prcclinica* trial of a } - 
prototype DNA vaccine against influen2a virus infection was ' 
reported only 2 years after the initial demonstration of the 
'protective efficacy of thl/ approach, 13 The vaccine constructs 
used in these studies encoded a cocktail or surface (HA) end 
internal (NP and Ml) proteins from several different strains 
of the virus, Jfrt ferrets and own-human primates given two 
iijn_ doses of the vaccine both CTL and naema&gtmi nation- 
| Inhibiting antibodies were induced and provided levels 
^protection against an antigcnically distinct strain of jnnuenz* 
vims which compared favourably with those induced oY 
licensed inactivated vaccines. 
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tfwnajt and simian immunodeficiency virus 



The first reports of successful DNA vaccination for imjpune 
responses against HTV appeared shortly after the wort: of 
Ulmer and colleagues in the iriflqenia model. Antibody and 
CTL response against HIV and simian. immunodeficiency 
virus (STV) proteins encoded in DNA vaccines, including 
gpjSO, gag and ncf, were reported in mice and non-human 
primates which had been immunized i_m. or via the gene 
gun-" -18 U '* noteworthy that concomitant vaccination with 
pbsmids expressing IL-I2 or granulocyte/macrophage 
colony-slifmilating factor (GM-CSP) had the effect of boost- 
ing HIV-speci(icCrL and antibody responses .respectively 
p^iniing co the broad potential of cytokine ccncxpr&sskm in 
stimulating DNA vaccrne-iiy^uced jmrauae responses, as pre- 
viousry shown with other vector-based vaccracs**^ An 
experimental vaccine comprising DNA pi asm J ds encoding 
five different forms of StV proteins and delivered ijrt. and by 
gene gon (Or by cither of these routes alone) elicited transient 
neutrdli2irtg antibody responses and persistent specific CTL, 
but failed to prevent infection or loss of CD4+ T cells upon 
challenge with virulent StV, 32 More recendy, it has been 
reported that two chimpanzees given eight i.m. inocula of 
pTasmrds encoding env, rev and gag/pol of HCV-1 developed 
specific cellular and humoral responses and were protected 
from infection with heterologous vims grown in chimps, 
unlike an animal that had been immunized with control 
DMA. 33 Although the immune responses elicited by this vac- 
cination protocol were not reported, in detail and the numbers 
of animals used were small, it was clear that vlraetnia in the 
protected animala was delayed and transient and they 
remained negative for evidence of infection. M assessed by 
polymerase ahain reaction (PCR), for 1 year after challenge. 
While the great discrepancies between the results of these 
two studies remain to be resolved, they could, for example, 
be related to differing DNA vaccine preparations* and immu- 
nization protocols. It is clear, nevertheless, that the technolo- 
gy of DNA vaccination increases the chances of effective 
rmmunopraphylaAis against HIV, 

Orher viral diseases 

Attempts to develop DNA vaccines against virus infection 
hive by no means been confined to influenza virus and HJV. 
Onr of the earliest demonstrations of the ability of DNA 
vaccination to elicit protective antibody responses was 
■ *sa»nst bovine herpesvirus. 3 * Herpes simplex virus (HSV) 
. .anUfiens t gB and gD, encoded in vaccine plasmids have also 
Ir*** 0 Shown to induce protective antibody responses in 
•j^.lMinea-pigB and mice when given i-ro.t 23 " 27 while mucosal 
delivery jndnced antibodies which provided less effective 
^protection against challenge, 2 * Papillomavirus is another 
fjerU which r like HSV, ia a sexually transmitted pathogen 
recurrent disease which may progress to canter. A 
report describing the development of a DNA vaccine 
:h elicits neutralizing antibodies against the major viral 
id protein and which confers protection against challenge 
*biis is therefore of great potential significance. 29 
j^fcent attention has also focused on the development of 
vaccination strategies against hepatitis B and C viruses, 
'tis B surface proteins encoded in DNA elicit high litre 



E±snsm£ , 
ftfcceat i 



specific antibodies following i.m. delivery in mice,* 1 and 
chimpanzee, 31 while co-expression of IL-2 in the vaccine 
plasraid Jed to a dramatic enhancement of both specific 
id cell-mediated immune responses against these 
jHigbly signifioant results from studies which 
mechanisms of immune stimulation by hepatitis 
iines indicated that these constructs may have I be 
j'hneak* immunological tolerance and Eo evoke 



antibody $vi 
antigens" 
focused 
B DNA 
Capacity 

broadly cro'sb-reactive immune responses. 33 There is currently 
no effectnrejj vaccine against infection wrrn hepatitis C virus 
(HCV): however, recent reports of the generation of antibody 
and CXI? jrbsponsea specific for the HCV core protein 
expressed! in DNA plasmids 1435 offer some hope in this 
regard, due jjto the highly conserved nature of this antigen. 
Responses against HCV core protein may also be enhanced 
by co-expression of ihe genes encoding IL-2 or GM-CSF in 
the vatcjrjej jvcctor. M 

Other jviruses against which DNA vaccination bus been 
used to generate neutralizing antibodies or other protective 
immune responses include rabies virus.*'*-" rympbocych: 
cliorioroeningitis vlrus,*^ equine herpesvirus/ 1 Newcastle 
disease NJ*^.* 1 rotavirus, 43 St. Louis encephalitis virus/* 
murine cutamegalovirus* 3 and bovine viral diarrhoea virus.' 1 * 



Consecutive immunization with DNA and 
viral vecLji 

Wo have! devised a consecutive immunization strategy 
mvolvmgjji V priming by DNA vaccination and boosting 
with poxvirus vectors encoding common vaccine antigens in 
altempU tal [generate improved specific immune response*. 
The viruses' «sed in these studies Were recombinant vaccinia 
viruses (rV[y) and fowlpox viruses (FFV), which we have 
previously developed as vectors for ibe induction of long- 
lasting JTjnmvne responses to heterologous vaccine anti- 
gen jhtoese responses have been enhanced, in many 
cases. h% {the co-expression of genes encoding cyio- 
Wira.^j^jTlie rationale behind this consecutive vaccina- 
tion stratify was that DNA hnmunizaiion, which eHicilfi 
k)w -level Ibut persistent immunity, may prime for greatly 
enhflii^dj|r^ponsiveneas following boosting with another 
penistentjlvcctDT such as FPV, which expresses somewhat 
greater Hvels of vaccine antigen. £n addition, immune 
respunsivfcnkss is likely to be directed almost entirely against 
the encoded vaccine antigens as the vectors themselves, 
which do not replicate, elicit poor responses. In the fo Ho wing 
studies, nibcB were primed with 100 jig DNA and boosted 
with 10 7 rlfti. 1 weeks later, unless otherwise staled. 




Systemic j^ijrwTe responses 

In thft first iinsiauce, mice given un I.v, booster inoculum of 
rPPV enetSdlipg the HA gene of influenza virus (FPV-HA) 4 
weeks after ini, immunization with DNA vaccine 
(rrf34V/H^.)| exhibited high levels of anti-KA antibody with- 
in 1 week of boosting (Table 1). Specific antibodies were 
predominantly of the IgG2a subclass. Antibody litres peaked 
at high levels (over 1 mg/mL) by 3 weeks post boosting and 
were maintained et significant Litres for at least 15 weeks. The 
level of fefipetifiiveness was dependent on the priming dose of 



No Transmission Information Available in on line [0] for a SF1 001 7 printed 11/20/2002 08:21 * Pg 51/| 
02 17:22 FAX 61 3 9663 3099 FB RICE & 



20/11 
19^11/^002 



08 = 52 



GIMR K FLOOR -» B0396633899 



II 



051/062 
N0.B71 . P24 



384 



AJ Ramsay ct 



Table 1 Systaraic aari-KA antibody responses Bfier consecutive immunization with pCMY/HA and FFV-HA 



Time port boosting (woefe) 



pCMV/conirol 
100/*£* 



Anti-KA until 
100 



ilody fcigfrnL) after boosting with FPV-HA 
pCMVWA 
10 ^ 



15 



3.3*2.9 
132 ±1.4 



533.6 

7.H 
1 



[□61.4 

559,5 ±J2. 
235.2 di; 



347, 



433.5 ±400.4 
5|0-B*42^ 
373.9 ±11 5 
397J0=t L6.9 



19.L ±6.6 

17.5 ±54 

9,3 ± 4j& 



•Titrts. ia coo&dI £ con pi Lhat Were boasted uritb control vinii not ejrpressiqg HA^(FPV-M3) wete < 0.05 jig/mL. 
rntro in control groups that owrc boosted with control virus not expressing HiW(FPV«M3) were 22-18.2 pglmU 

pCMV/HA, While this atraiegy wm highly effective for the 
induction uf specific antibody responses, primacy Bplcnic 
aiUi-HA CTL responses were not found irr mice primed with 
pCMV/HA aod boosted with FPV-HA (date not shown), 
although moderate CTL responses were detected when 
splenocy tes were taken from mice primed with pCMWIA 4 
weeks earlier and rtsaraulatfid for 5 days with influenza virus 
In vitro (Table 1). 




Mucosal immune responses 

Vaccination for mucosal immunity has been notoriously diffi- 
cult to achieve, particularly via systemic imrminizaiion, pre- 
vious reports, however, have Indicated that systemic DNA 
vaccination may prime for immune responses at mucosas. 4 * 9 
We have primed mice With pCMVJHA vU the iJti. route 
4- weeks prior to intranasal boosting with FPV-HA in 
attempts to elicit strong, sustained mucosal responses. 
Although specific antibody-accreting cells (ASC) wens not 
detected in the lungs, at mice given pCMV/HA only (data not 



both mucosal arul-HA IgO (particularly I$G2&) and 
iti body responses were markedly enhanced in DNA- 
animals given FPV-HA and were sustained for at 
least! 3 weeks (Table 3), These augmented responses were 
farther elevated in mice boosted with FPV-HA which co- 
expressed (Table 3). Priming with pCMV/HA via gene 
gun Immunization prior to intranasal delivery cf FPV-HA 
was ;jsinilarly effective for the enhancement of mucosal 
imman s responses (data not shown). 

Wej [tavt previously shown that primary anti-HA CTL 
rcspomea were generated in the lungs following intranasal 
iaWttnization with FPV-HA/ 7 ho We vet, we could find no 
evidence for enhancement of local CTL activity in mice 



given 



show) 

,1 

Praij>C\ 
We i&\ 



We have nUo mo died the degree of protection againil mor- 
bidity ind mortality afforded by om consecutive vaccination. 

Tabic 2 Secondary systewte antfgen-Hpreific CTL responses after DNA vaccinal^ 



% Specific ^sk Df L929 target c*Lls infected whh 



5CMV/HA and FPV-HA consecutively (dam not 



Fraction against challenge with irtfliiirtta virus 



% Rcsiimulflttd culture 



Uninfected 



Influenza! virus 



FFV-M3 



FPV-HA 



100 
33 

3 



23.85 
9.47 

0.85 



-59{l7 
4954 



13^ 



27.00 
22.11 
15.47 
7i»8 



4M7 
29.73 
10.74 
6-53 



Data shown are iuraa vUucS fraai triplicate wells. S£M were < 5*36 and cite omitted for clarity. The daiR shewn ace four a tingle cApcdm»t 
re^ieaenutive of three eueh experiniBnts. 

i 

Table 3 Mucosal anti-HA antibody responses after consecutive immunization «^tb| SNA and reeam&msnt FPV 



Time post boosting 
Wet* 1 



Week 5 



Immunization 



Boosting 



No. anu-HA A5C/10 4 cells {Mtan±SD)+ 
| TffGl TaCSa 



pCMV/HA 
pCMV/VHA 
pCMVTcoitfro] 
pCMV/control 

pOiV/HA 
pCMV/HA 
pCMV/ceatrol 
pCMV/conttoI 



FPV-HA 
FFV-HA-U/J 
FPV HA 
FFV-HA-ILfi i 



<2 
93.9 a 13.3 
<2 
«3 



FPV-HA 
FPV-HA-IL6 
FPV-HA 
FVV-HA-JL6 



ieA 



<2 
2SJ0±5jO 
<2 
S3 ±3.6 



382.2 id** 
1324^*93.7 
KS.5 ± 10J 
35v.Rt M1.5 

MOJO* 63^ 

<2 
(53,3 ± 20.8 



7fiB.9 *464 
60.6 ±21 J° 
lfifl.0 ± 405 

292.5 ±23^ 
7M.8±63-4- 
<2 
H7^±i«-S 



*NiiihbtH of ftnli-HA ASC ia ppotrol groups that wets boosted with control vicm 



not expressing HA (FPV-M3) were < 2/10* cells. 
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Figure I MoAldlty ia nuce eoiuteeurivelY immwiiwd wiih DNA end fowlpai (IrPV) viros after challenge wiih influenza vjrus. Gnsirps of sf* 
CBA/H mice wei* immcniztd with (a) (O) ICQ /tg of pCMV/cantrnl and 10 1 pbqucfoanmg units (p.f.u.) of Ft»V-HA i.v. of (#} 100 of 
pCMV/HA uvd 10 7 p.tu. of FPV-HA i.v. Cb) Q 100 >i g of pCMV/control and 10 7 p.f.to. of FfV-HA ImrttiA^lly or C") 100 of pCMV/H A 
and ID 7 p.f.u. of FPV-HA IwninasaHy* Mice- ware boosted with FPV-HA 4 woeks bner anffifchalkngcd. with 100 LD W of roouse-stfapted influen- 
za virus 1 week after boosting. Mice immunized with (c) (A) 100 jig of pCMV/HA only «recc challenged At 4 wctks pofit immunisation. Mor- 
bidity wa$ recorded ri differences to percentage of body ma&s at different rime points after challenge compared to die original b«Iy mass record- 
ed on fty 0. Data shown are the. mean 1 SEM of percentage of mus lost far six. mice after challenge. The results are represenUtive of rwo exper- 
iments, •P<Q.Q5, determined by Student'* Mtst in QQispu-ison with mice given pCMVfcontral before boosting. 



protocols (Kg, 1)- Mice given pCMV/HA alone or in combi- 
nation with FPV-HA were subsequently challenged with 
homologous influenza vitas, (100 LD ffl given intraiusdly). 
All trace fiiven either pCMV/HA Or FPV-HA alone or in 
combination were protected from the lethal challenge-, 
although the former groups displayed transient but significant 
loss of body weight (Fig. 1c). However, no such morbidity, 
vex any other symptoms of infection, were seen in mice 
primed via the lm. route with pCMV/KA and boasted with 
FPV-HA cither i.v. (Fig. la) or iutranasally (Fig. lb) prior co 
challenge wiih influetna virus. 

Mechanisms of protective cellular immunity induced by 
OftA vaccination 

It $ppear&d that the consecutive immunization protocol failed 
to elicit significant primary specific CTL responses out- 
lined above (albeit after only a single inoculum of each 
construct). Wc therefore: used a different strategy to measure 
the development of protective cellular immunity. It was pro 
vioqsly shown (hat priming of mice with influenza vims gen- 
erated specific antiviral T eella which were able to control 
subsequent infection with rW expressing homologous HA 
glycoprotein, but not with control VV.* 8 Wo found thai rW 
■ encoding HA wa» rapidly controlled in mice which had been 
fovnuniicd consecutively with pCMV/HA and FPV-HA and 
thai die immune responses mediating clearance of VV 
* penUlcd for at least 2fl days after boosting wiih FPV-HA 
;4 (Table 4). T cells and their accreted antiviral factors ore 
known Lo be important for the clearance of W. 49-51 Tn order 
"•to study which cells were responsible fox the control of W 
^fectjoq in the present study, we iratwfwicd different cell 
f! Populations i&ken from mice which had been consecutively 
Linirniintaed. mta irradiated recipienta and challenged the latter 



Table 4 Protection againot VV challenge feU owing caattcufivc 
uumunizaJlon wjth pCMV/HA and FPV 



Primary 
immtinizatLQA 



Secondary Challenge Virus Irtres in ovaries 
iAlcfUinizatian (day) (Iog JD * SEM) 



pCMVTHA 
pCMV/HA 
pCMV/HA 



Table S CD4 
challenge following 



;feirw 



Nil 

Undeleted 
CD4* depleted 
CD8+ depleted 
CD** and CDS' 



with VV-HA 



immunization 



FPV-HA 



FPV-HA 



FPV-HA 



W-HA(75 
VY-HA (7) 
VV^HA (17) 
VV-HA (17) 
VV-HA (28) 
VV-HA (23) 



<2J3 
7.1 ±02 

6.3 ±0.7 

<2J 
6.6x0^ 



aod CDB* T cells mediate pnncciian against W 
eoTueaitive inuaunizBtion w'nh pCMV/HA and 



Virua ntres in oviui»clcg,o± 5EM) 



dcplftted 



6.4 ±0 + 
3,4*0.2 

<2J0 

<2Jd 
5,l±a.4 



day later, A$ shown m Table 5« either CD4 + 



or CDS* immune T cells generated following consecutive 



vere sufficient to control the W infection. 



Cell transfer experiments were also u&cd lo study (he 
nature of pruning for antiviral antibody responses by 
pCMWHA. TBe transfer of immune T cells t bnt not B cells, 
from mice primed with pCMY/HA 2 weeks earlier was suffi- 
cient co allow hat development of high utre antt-KA antihody 
respon$&» in hWimed mcipients by 14 daya following chid- 
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Tabic fi Priming of. T cells but not B ceils in mice biunimizecj with 
pCMV/HA 



T edls 


B cells 


Antibody tinwCtSEM) 


Primed 


Printed 


11 942*6245 


Normal 


Normal 


960±60ti 


Pri fiicd 


Normal 




Norranl 


Pripwd 


3530 * 2B05 
i 



Table 7 Antibody lines in Interferon-ct/p reccpiar end iriterfefon-f 
receptor-deficient; mice cans cCti timely immunized with pCMVfflA 



Mice 



AiuWHA antuwdy ufrea [±SEtp 
Primary i rmnunizati on. Secondary immon i wrio n 
pCMV/KA FPV-HA 



Wild-type 
IntecfciwYR''" 



S60±219 
<10 



78 080* 19 4fi3 
9600*3695 



lenge with FPV-HA (Table 6). FPV-HA was given 7 days 
after cell transfer. These data indicate that DNA vaccination, 
at least by the i.m. route, most effectively stimulates antigen- 
specifLc T cells. TVis may be due to the relatively 9mall 
amounts Of antigen which are expressed id transacted tissues 
Following immunixatian with these constructs. 



The influence of cytokines in the development of ' 
immunity following £WA vaccination 

We have used mice rendered genetically deficient for a range 
of cytokines or (heir receptors in order to assess the role of 
these factors in the development of antiviral \ antibody 
responses following vaccination with pCMV/HA either done 
or consecutively with FPV-HA- Mice lacking functional 
receptors for IFN-Y 5 * mounted strong, Specific day IB anti- 
H A IgG responses K> pCMWH A. and by 7 days following the 
consecutive vaccination protocol, which were reduced about 
two-fold in comparison to those seen in wild-type control 
mice (Table 7). In marked contrast. ITN-a/p receptor knock- 
out mice 5 ' were unable to mount significant responses fol- fc 
lowing immunization with tha HA plaamid and there was no 
evidence for enhanced responses following consecutive 
immunization With RPV-HA . These data suggest that endoge- 
nous type 1 interferon Activity may be crucial far T cell prim- 
ing fallowing DNA vaccination. "This may be related to the 
recent observation thai ihe immunogenicity of plaamid DNA 
may be detennined by the presence of immnna stimulatory 
frequences (ISS) containing a particular CpG dinudcotufc 
motif" Plasmida lacking such sequences-elicit poor immune 
response* and the ISS probably act through their capacity to 
stimulate the transcription Of large amounts of type 1 inter- 
ferons and IL-12. 5 * The early expression of these factors may 
explain die tendency of DNA vaccine* to elicit immune 
responses with a type 1 bias t particularly after i.m. delivery/ 3 
(AI Ramsay. Unpubl. obfi- 1997). Further r*ettminary studies 
suggest that neither endogenous U>4 nor TNF-a are crucial 



jw the Induction of amlbody responses following DNA 
vaccination (data not shown*). 



Conclusions 

I 

TJNjfV vaccination offers great hope for Improved unmunopro- 
phylaxia against Infections caused by a uide range of 
pathogens, including viruses. Indeed, the first human clinical 
studies using DNA imniunogcnt have already begun. Our 
ituqies in this area have focused on the development of a 
consecutive vaccination strategy using DNA plasmWa and 
irFPy encoding a common vaccine Antigen, Both vectors 
appear safe and effective but elicit, relatively low levels of 
specific antibody and multiple inocula ore usually required to 
generate satisfactory responses. However, their sequential use 
clicks antibody levels of the order of those found in conva- 
icscent sera, which remarkable given the small amounts of 
landmen that are likely to be expressed in the host. A possible 
!explartation lies in the failure of these constructs to elirat 
significant vector-specific immunity, wtiicii minimizes trie 
'prospects of antigenic competition and may allow the 
immune response to be directed almost entirely against the 
'heterologous vaccine antigen, ft also jrppearS that DNA 
vaccines are a particularly effective means of priming for T 
.'celll-mediaiied imiruinity, possibly due to their expression of 
"relatively small amounts of antigen. Both T cell-mediated 
^ntrviral irniramity and systemic and mucosal antibody 
responses were significantly enhanced by the use of this 
protocol, while the co-expression of CL-6 further increased 
ispecific antibody litres. In summary , we have shown thai tha 
iuse of DNA Vaccines and rlTV in consecutive immunization 
Jregimens represents a Mghly effective strategy foe the induc- 
tion of sustained antiviral immunity. 
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Fowlpox Virus Host Range Rastriction: Gene Expression, DNA Replication, 
and Morphogenesis in Nonpsrmiasivp Mammalian Cells 1 
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I 1 

Fo*!pox virus (FPv), type apecl&a *f the Avipexvirvs genus. cau4©« a fitaw-^roadingpox dieeaaa of ohlckana. 
Following Infection of mammalian callfrthare Is no evidence of product™ replicatiqn of FPV although cytopathjc effects 
are induced and FPV recombinants have bean shown to axpraae f actlgh veecirw virus esrVflrt pro^tera. 

Here we report leavha of a study !□ f rwenlgm the expression of tf V ^enes, the re plicatKmof FPV genomic Dl^A. and 
any ultrastructural changes In mammalian eel la infected by wiUMyp ijfnjfc undertaken as a first step In elucidating the 
nature of (he block (or blocks) M productive replleatipn ol FPV In rnamrnallem cells. Early and late genu expression as 
vsieN as flonomtc DNA replication was observed in fibroUavt-Hte cell Unes of monkey and human origin. Furthermore, 
viral morphogenesis was observed in monkey eolte, with the production mainly of Immature particles though smaller 
numbers of apparently mature virus partictea were observed. & i338,Ac*a*-rtc Fro,* ino. 



Within the poxviruses, host range varies in nature 
and extent Within the orthopoxviruses, for instance, 
cowpox virus <CPV) infects a large number of mamma- 
lian species whereas ectromelia virus only naturally in- 
fects the mouse (7). Three host range genes (hr) have 
thus far been identified fn the orthopoxviruses: C7L 
and K1 L in vaccinia virus {2, 3). and the CHO hr gene 
from CPV (-*)- White vaccinia virus does not need the 
genes to rs plicate in Vero cells, the presence of either 
C7L or K1 L is necessary to allow it to replicate In hu- 
man or pig kidney cell lines. Vaccinia virus is, however, 
unable to replicate In Chinese hamster ovary (CHO) 
cells unless supplied with the CHO hr gene from cow- 
pox virus. The CHO hr gene can also replace the C7L 
or K1L genes in vaccinia virus allowing replication In 
human or pig kidney cell lines. The KILand CHO hr 
genes allow replication of vaccinia virus in rabbit kidney 
cells but the C7L gene does not permit this (3). It has 
been reported recently that a derivative (NYVAC) of 
vaccinia virus strain Copenhagen, which has the C7L 
and K1 L genes (as well aB 15 other nonessential open 
reeding frames, ORFs) deleted, is able to replicate at a 
very low level tn some human cell lines (5). There are, 
however, likely to be other genes involved in host range 
determination in vaccinia virus. The Mva strain of vac- 
cinia virus (6) is apparently restricted to growth in chick 
embryo Fibroblasts (CEFs). It has an intact C7L gene (3) 

1 This wark was communicated in a preliminary term ©1 the Bth 
International Conference on Poxviruses and Iridovirgges, Lea Dieb- 
lerets, Switzerland. Se pi amber. 1692. 

1 To whom reprint requests stiguld be addressed. 



and a| truncated K1L gene (7) but resurts of experi- 
ments^ restore mammalian cell tropism suggest that 
other mutations might be present (3). 

Irji contrast to the wide host range of many orthopox- 
viruses and despite their larger genome (S), the avipox- 
virxjses ere restricted to growth in avian species. While 
high multiplicity of infection of mammalian cells with 
lowlpox virus (FPV), the: type species of the avipoxvi- 
TusesJ causes cytopathrc effects (CPE), there is no evi- 
dence' of productive replication of the virus in those 
cell's. There has been only one report of the isolation of 
an svipoxvlrus from a mammal: in 1969, a virus was 
isolated from an already 'terminally ill, and probably >rn- 
munosuppressed, rhinoceros held in a zoo [91 The iso- 
latei was identified as a somewhat atypical FPV, based 
on pathological, virologies! , and serological data (70). 

While there is little known about the fate of avipoxvU 
ruses jin mammalian cells, it has been shown recently 
that recombinant FPV and recombinant canarypox vi- 
ruses; expressing the rabies virus glycoprotein or the 
measles virva F and HA glycoproteins under the con* 
trolj of, the early/late vaccinia virus H6 promoter, can 
express those genes in mammalian cells {1 7-73). Fur- 
thermore, sntibodies could be raised against the re- 
combinant proteins when several mammalian species 
were inoculated with the recombinant viruses end, 
moreover, protection was observed upon appropriate 
challenge with rabies or with canine distemper viruses 
(7 ft 73). While these somewhst surprising results us- 
ing | foreign genes under the control of vaccinia pro- 
moters do not Shed light on the nature or extent of 
avjpoxvirus gene expression and replication in mam- 
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malian cells, they do indicate that the block to evipox- 
virus replication in mammalian cells Is not at the level of 
attachment of the virus and penetration into cells. : 

The afm of this study was to determine what steps of 
the FPV replication pathway were active (and at what 
levels) in mammalian cells of various types. This would 
allow us to discriminate between two possible explana- 
tions for the lack of FPV replication in mammalian cells, 
either; (i) that the block to replication might be attrib- 
uted to failure of a particular step (such as DNA replica- 
tion or late gene expression, hereafter referred to as 
"postreplicative gene expression") or fit) that the low 
efficiency of a number of successive steps might lead 
to breakdown of the overall process. Thus it was neces- 
sary to determine wheiher expression of viral genes 
was limited only to early gene expression or whether 
postreplicative gene expression also took place. While 
the occurrence of postreplicative gene expression 
would indicate that DNA replication had taken place, it 
was necessary to determine rf DNA replication oc- 
curred in case there was a block between DNA replica- 
tion and postreplicative gane expression. If DMA repli- 
cation and postreplicative gene expression occurred, it 
would be necessary \o see if ultrastructural changes 
occurred within the cell and whether such changes 
were normal orabnormal- 

We confirmed previous observations of others (73) 
that following infection oi Vero cells with FPV grown on 
CEFs, at a multiplicity of infection (rn.o.i,) of about 60 
plaque forming units (PFU) per cell, there is no evi- 
dence of production of Infectious virus. Neither intra- 
nor extracellular virus could be detected (by plaque as- 
say on CEFs) after three passages, each of 7 days, on 
Vero cells. In addition there was no sign of CPE after 
the first passage. 

Viral protein expression was examined by SDS- 
polyacrylarnide get electrophoresis of extracts of In- 
fected cells pulse-labeled with p^] methionine. Initial 
experiments using FPV-inf acted CV-1 cells showed 
considerable expression of what appeared (by their 
time of appearance end abundance) to be postreplica- 
tive viral polypeptides. Another montey cell line, Vero, 
showed almost identical results and the polypeptides 
were confirmed as postreplicative as their expression 
was shown to be sensitive to cytoslne arabinoside {Ara 
C. Fig. 1). In Vero cells, expression of polypeptides of 
molecular weight 27K and 36K wes dear (Fig. 1 P com- 
pare lanes 7 and 8 with lanes 8 and 10), being detect- 
able from 24 hr postinfection (p.i.) Expression of a poly- 
peptide of molecular weight 85K was also postreplica- 
tive. A 39K polypeptide was expressed both early (4 hr) 
in an Ara C-resistant manner and late in an Are C-sen- 
sftive manner. Poty peptides of a similar molecular 
weight to those expressed late and in an Ara C-sensi- 
th/e manner in Vero cells (i.e„ 27K, 36K, 39K, and S5K) 
wens also seen to be expressed in the same manner in 



permissive CEFs. Expression of other postreplicative 
polypeptides was also 1 observed in CEFs, such as 
those of molecular weights 42K, 60K, and 85K<Fig. 1). 
The only early viral polypeptides seen to be expressed 
in Infected CEFs in an Ara C-resistant manner were the 
39IC eariy/late polypeptide seen in Vero cells and an- 
other early/late polypeptide (42K). 

Iiji a human cell line, MRC-5, a number of postrepli- 
cative polypeptides were expressed, in an Ara C-sensi- 
tive 1 manner. Though on»y from 36 hr p.L, including poly- 
peptides of molecular weights 27K. 39K. 42K, and 64K 
(Fig. 1}. Of these, the 39K and 42K polypeptide© were 
also expressed early {from 4 hr p.i.) in en Ara C-resis- 
tant manner. Several early, Ara C-resistant polypep- 
tide's were also observed, notably those of 21 K and 
28 K. Following FPV infection of another human cell 
linef HeLa, there was no sign of expression of postrepli- 
cative viral proteins, although expression, in an Are O- 
resjstant manner, of earty polypeptides (39K, 42K, and 
52K) was observed (data not shown). 

We also assayed the abundance of the 39K immuno- 
dominant surface proiein encoded by the 34K ORF, by 
Western blotting Jysates of infected cells using anti- 
serum raised against a peptide derived from a repeal 
region within the protein [74), The protein was ex* 
pressed as an early gene but it appeared to be more 
strongly expressed. as a postreplicative gene In both 
CEFs and Vero cells, being observed late in infection 
only in the absence of Are C. in MRC-5 cells some 
protein was still observed In the presence of Are C late 
In Infection but this was less than in the absence of Ara 
C (data not shown), showing that postreplicative gene 
expression was probably occurring. 

Itlwas possible that postreplicative gene expression 
in mammalian cells is a peculiarity ot the FP9 strain of 
FPV, due to its extended passage history in CEFs. 
HP438. the source of the FPg plaaue-Durified strain, 
had been passaged 438 times {IS). We therefore used 
a recombinant of the chick-em bryc-derlved Duphar 
"poixfne" strain of FPV - which encoded 0-gaiactosi- 
dase. to assay late gene: expression in CEFs and Vero 
cells in the presence and absence of Ara C. In this 
recombinant virus, the lacZ gene is inserted down- 
stream of the FPV 4b promoter ( 16} within ORF1 of the 
terminal 6-kb BamHi fragment (7 7). The 0-gelactosi- 
dase activity in extracts of infected cells was deter- 
mined as previously described (76). The results (data 
not &hown) demonstrated clear expression of 0-gelae- 
tosicJase activity in CEFsiand Vero cells Infected by the 
poxine recombinant but expression was only detected 
in tlie absence of Ara C; Tha level of 0-galacrosidase 
activity in Vero cells relative to CEFs was 27% at 24 hr 
p.L and 679fa at 48 hr p.i - Thus we conclude that post- 
replicative gene expression by FPV in mammalian cells 
is not restricted to the FP9 strain. 

Expression of postreplicative genes in infected 
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Fe, 1 r Analysis of prmein synthesis In cells puiae-lebelod whh P^h^thionineL' Flaste of cells were Infoeiedfor mock-infected. ••Cent.") with 
the same amount of FPV strain FPB lor 1 hr, at en m.o.i. of about 10 PFjU par cbU iter C EFs and 40 to BO for Vera cells. The cells were washed. the 
medium was reposed, and ihenihe cells wtife Intubated for the indicated tirnesj(hr postinfection, h.p.L). at which point they were harvested and 
resuspandsd in m ethic nine-free medium containing z* dialyzed l«cal jefalf «ervrp £nd 20 M OVm\ ["Slmelhibnlne. Following incubation ai 37* for 
Z hr. the cells were harvested, lysad in sample buffer, end subjected jia elecuophofefiia on 7.5 to 16* Sas-palyecrylamtde gradient gels. For 
each lime pOlm. duplicate Samples were prepared, ones from cells incubated int^s presence (+) of Ara C <4 0 Mfi/rril from 1 hr before infection] and 
one from those incubated in normal medium H. The position of motebtllar weight markers is indiceied The major virei early and posirepJicacive 
polypeptides. di$guesed in the text, are indicated by closed and open airlowheeds 1 , respectively (polypeptides expressed eerfy and ipte have both 
markers). Panels shew rasulis fgr CEFa [lanes 1-6), Vara cells (fanes 6-1 D) enjd';MRC-5 cells {lanes 11-1 5). 

block to those processes \u monkey cells, In these 
sanpa ceils, postreplicetive gene expression takes 
place but it is retarded and at reduced levels. In human 
MRb-6 cells, FPV early gene expression and DNArepli- 
catib'n also take place but at tower levels than in CEFs, 
Verpj! and CV-1 cells. Expression of some posireplica- 
tivei genes takes place in MRC-5 cells, but it is even 
mone retarded and at lower levels than is seen in mon- 



mammalian cells indicated that viral genomic DNA rep- : 
llcatlon was occurring in those cells. Amplification of 
DNA was tested directly by doc blotting total DNA iso- 
lated from infected ceils on to nylon membranes and 
probing with a FPV-spectfic DNA probe. Virus DNA rep- , 
lication, inhibited by Ara C, was clearly demonstrated 
in infected CEFs (Fig. 2a). Vera (Fig. 2b), CV-1 (data not 
shown), gnd MRC-5 cells [Fig. 2c). 

We have also followed the RN A transcription of early 
and postreplicative genes using Northern blolting. 
Probing Northern blots of inlected CEFs, Vero, and 
cells with radiolabeled pUSEP2-i showed the 
presence of a 1 .7 kb earfy RNA, expressed in the pres- 
ence of Ara C, at 4 hr (or 1 2 hr) and. at lower levels, at 
24 or 36 hr (Ftg. The probe used also hybridized to 
typical postreplicative transcripts which were larger, 
heterogenous in size (2-1 0 kb) and were expressed in 
an Ara OsensWve manner from 1 2 hr p.i. in CEFs and 
Vero cells but not at all in MRC-5 cells (Fig. 3). Postrepli- 
cative RNA transcripts were detected in MRC-5 cells, , 
however, when a probe covering the genes encoding 
FPV 4b and the 39K immunodominant protein was 
used (data not shown). 

These results show that FPV early gene expression 
and DNA replication in monkey (Vero and CV-1) cells 
occurs at similar times posirnfects'en and at similar lev- 
els as compared to CEFs. Thus there appears to bB no 













□BE 










FiksJ' 2. Dot blot analysis of jFPV genomic DNA replication In ifv 
feoteJ oelle. Cells Infected [as! described in the legend to Fla- 1) or 
rnock-jlnfected ("Cont/'l cells were Incubated for the Urnas indicated 
in taW presence (+1 or absence (-> o* Ara C ond then they were 
heivested. DNA was extra cicd; from them (by aonicetion followed by 
RNase digestion, prateinasa X digestion, phenol-chloroform treat- 
ment.! and elhanol precipitation!, applied to a nylon membrane, and 
hybrlcjized with a randomly-primed r*p]-labeled FPV DNA clone 
[0MQ369 [25). containing b 3.6-kb Oral fragment ot FPV DNA). Pan- 
els Show rftfiults foe (a) CEFB, (b) Vero. and (c> MRO& cells. 
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rtc. 3. Nonhe/n blot analyses of gene ewressJoo in FPV-ihJeoied cells. CellslS/jrfeeted fas described i/i Ihe Jsge/id ro Fig. i>, ermo<*-jrjfected 
("Cont."), wore incubated for the times indicated in the presence fjp) or a&Sdhee [— ) af Are C, inen They were harvested and tors) RNA was 
isolated f2fi).The RIVA was subjected ig electrophoresis on a 1 .2^:fjarmaldehxjd;e agarose Qel end, following Northern transfer, was hybridized 
to a f a2 P]-tet>eled FPV DNA probe (pUS£2*i » containing a 3.7-kb fcoBI, ffPV DN^ Insert; J. Campbelf, petBonaf cam muni cation) which spans FPV 
earfy and postrepiicstive genes. The location ol molecular weight majors is indjcaied. The poslTfoo of a 1 .?-kb early gene transcript is indicated 
by an open arrowhead and that of heterogenous posireplicadve gene Manscriptsj by tied, closed arrowheads, A ssrnpig from urnn/ectBd control 
cells is indicated by Com. Panels show rasufta for CEFs (fenee i-5)!>\Jaro calls (Janes 6-10). and MRC-5 wile O&nea 1 1-15). 



key cells. Studies with HeLa cells consistently showed 
a very low level of genome replication gnd postreplica-" 
tive gene expression, barely above basal levels (data 
not shown), a result similar to that seen forpostreplica- 
tive expression of jS-galactosidase in FPV-rnfected hu- 
man 143B cells ( rS). Thus He La cells could be consid- 
ered to show a more extreme example of the delay (and 
reduction) in postraplicative gene expression seen in 
MRC-5 ceJJs compared to the monkey cells and in the 
monkey ceils compared to avian cells. It is possible: 
that The lack of an FPV equivalent of either of the vac- 
cinia host range genes, C7L and Ki L, accounts for the' 
differences in expression seen between the monkey 
and human cells, since the presence of one of these 
genes is necessary for vaccinia virus replication in 
MRC-5 buT not in Vero cells [3), 

The rc/fe of the morphological cell-type as opposed' 
to the species of origin of the cell lines has not yet been 
investigated but it should be noted that Vero, CV-1 T 
and MRC-5 Ceils, which supported significant postrepli- 
cative gene expression, are fibroblast-! ike cell lines 
whereas HeLa cells, which showed barely any such 
gene expression, are epithelial-like cells- 

As pcxvinjB DNA replication is known to occur in 
particular structures within infected cells (known as 8- 
type inclusion bodies, virus factories, or virasomes) we 
examined infected mammalian cells for changes in cel- 
lular ultrastmcture. By immunoflu orescent micros- 
copy, using chicken anti-FPV hyperimmune serum, at 
least 85% of infected, but not uninfected, CEFs and 
Vero cells showed strong cytoplasmic immunofluores- 
cence as early as 1 2 hr p J, (data net shown). This wag 



supported by analysis using a FACScan ( Becton Dick- 
insotp), In which infected or uninfected, permeabilized 
or rjlonperrrieabilized ceMs were labeled with chicken 
antij-FPV hyperimmune 1 serum (or normal control 
senlm) and subsequently with FITC-lebeled enti- 
chieljien Ig second antibody. These analyses showed 
that! essentially all of the Vero cells were infected (data 
notisnown), determined at 24 hrp.i., whether virus was 
allowed to adsorb for 1 or 12 hr at 37°. Results for 
fluorescent microscopy showed that the fluorescence 
was, generally localized in 8 few sites per cell in CEFs ax 
1 2 Ipif p.i.. and in Varo cells at 1 2 and 24 hr p.i. By 24 hr 
p.i. iri CEFs and by 36 hr p.i. in Vero cells, fluorescence 
wa£ much more extensive end more widely distributed, 
associated with granular, "phase-dark" regions of the 
cellj | 

Electron microscopy was performed to investigate 
"ihejjcleteiled ultrasiructure of FPV-infected monkey 
cells J The presence of viral nucleoplasm surrounded 
by V crescent membranes" end immature viral parti- 
cles! was clear In infected Vero (Fig, 4) and CV-1 cells 
(data not shown) from 24 hr. The ''crescent mem- 
branes" were typical of those of poxviruses: dense, 
thickened membranes enclosing viral nucleoplasm. 
Smaller segments of membrane were also observed 
aroJnd the nucleoplasm: clearly double-layered and 
resembling squashed tubes in cross-section (Fig. 4), 
With] the side nearer to the nucleoplasm usually thick- 
ened. Their double-merribrene structure can be ex- 
plained by the recent report that vaccinia virus particles 
are formed by enwrapping of viral DNA by a membrane 
cistema, derived from a celJuJar membrane compart- 
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Fk3. 4. Eiaciran microscopy of FPVHnlBgted Vero cells. Cells were harvested 36 hrafier infection with FPV FP9 (adsorbed lor l hr. ai an m.o.L 
of *0 to 50 PPU psrcelQ. fixed using an equal volume o1 0.2 M colliding buffer containing ^^glurarerdehyde, peiteted, postfixeam l<jb osmium 
istroxide, dehydrated witn cihanol. Bnd embedded in Ar&ldite. Thin sections were &lained sequentially with uranyf acetate end lesdcilrate and 
were then inspected by ^ransmtesion electron microscopy. The size martter indicates 1 ^m. Tha micrograph shows pools of nucleoplasm tNj 
surrpgnded by viral crescent membranes and immature spherical particles. Also shown erg small, "squashed tuba" membranes around 
nucleoplasm (crashed arrows), "filaments" (op&n arrowheads), "parse jyetaline arrays ol DNA" (arrows) and smalure membrane-bound particle 
(closed arrowhead). Insets enow immature panicles wilh early-condensing nucleoids, at the same magnification. 



ment between the endoplasmic reticulum and the 
Golgi, thus acquiring two membranes at once 

In addition to the virus particles, two types of un- 
usual structures were observed at the sites of virus 
morphogenesis: long filaments were frequently seen 
while large dense blocks were rarer (Fig. 4). At higher 
magnification, it was apparent that both structures 
were of a repeating, crystalline naiure. The filaments 
were similar to structures described aa "-filaments wrth 
regular periodicity" m FPV-infected ceils {20). The 
blocks resembled the "DNA paracry$tals M seen in 
cells infected by a temperature-sensitive mutant of 
vaccinia virus, defective in morphogenesis at the non- 
permissive temperature [21) % due to a lesfon In ORF 
D13L<22H 

Earfy-condenaing nucleoids were frequently ob- 
served within immature particles in the monkey cells 
(Pig. 4, insets) and mature intracellular naked virus 
were occasionally seen (date not shown). Mature ex- 
tracellular enveloped virus with classical poxvirus mor- 
phology were also observed at a fow frequency, 
though these were usually membrane-associated <Fig. 



4). We have yei lo determine whether the latter repre- 
sent virus synthesized in the mammalian cellB or resid- 
ual v/irgs from the inoculum. All of the virus structures 
described above were as seen in infected CEFs. 

Thus we have demonstrated that FPV Is capable of 
efficient infection ol mammal/an cells and expression 
or not only early genes but also late genes, in monkey 
cell lines, and human MRC-5 cells, at least. In those 
same cell lines, there ia also considerable FPV geno- 
mic DNA replication. Viral morphogenesis also readily 
lakes place as fsr as the formation of immature parti- 
cles, as was seen for the host range mutant of vaccinia 
virus, MVA, in human cells (23). Morphogenesis of FPV 
in monkey cells, however, progresses further In that 
many of the immature particles show the presence of 
dense interna] nucleoids, Apparently mature particles 
are also seen, though only rarely. 

The high levels of DNA replication That we have ob- 
served (panicularly rn Vero celts) werB unexpected and 
clearly show that there is no major block to FPV DNA 
replication in these nonpermissivo cells. Nor is late 
gene expression completely blocked {though it is de- 
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Igyed and at lower levels). It is not clear, however, j 
whether the observation that laie gene expression is ; 
reduced and delayed can by itself account for the leek 
of production of detectable amounts of infectious . 
virus It is clearthat, in monkey cells, there ia sufficient . 
expression to allow FPV morphogenesis to progress at 
least as far as immature intracellular particles with con- ; 
densing nucieoids. a step only reached in vaccinia ■ 
virus morphogenesis more than 5 hr after the release 
of a block to replication induced by the presence oi . 
hydroxyurea (24). The presence of a small number of : 
apparenily mature intracellular particles (which may or , 
may not be infectious) also indicates thai further rnatu- ; 
ration can occur, albert very inefficiently. Thus the" 
overall "block 1 ' to FPV replication appears to be the 
resutt of at least two relatively inefficient steps: (0 late ; 
gene expression and (ji) maturation from the immature; 
narticles whh condensed nucleoids, ft remains to be- 
determined which is rate limiting to the overall process. ; 
Clearly there is also a need to purify and character^ • 
in structural and functional Lerms, the nature of the FPV, 
particles produced in mammalian cells; this work is mj 

P Tt S win S be interesting to see whether the extent of 
gene expression, replication end morphogenesis of. 
different avi poxviruses in mammalian cells affects their: 
efficacy as recombinant vectors for the expression of- 
foreign antigens in mammals, as significant differences; 
in efficacy have been reported belween vectors based; 
on FPV and canarypox virus (ft). Our preliminary ex- 
periments indicate that upon canarypox virus infection 
of Vero cells, there is no detectable expression of post-. 
tap\)0Biwe viral genes (P. Somogyi, unpublished). 
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